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ABSTRACT 
            Wettability manipulation is investigated as a method to enhance condensate 
drainage from the air-side surface of dehumidifying heat exchangers. The attendant 
impact on the thermal-hydraulic performance of a heat exchanger is also explored, with 
the goal of improving energy efficiency of heat exchangers through appropriate surface 
technologies. 
            Three groups of heat exchangers with identical geometry and different controlled 
wettability are tested in a closed-loop wind tunnel under conditions typical to air-
conditioning applications. Under the same operating conditions, the amount of 
condensate retention on a specimen is significantly reduced after a hydrophilic surface 
treatment (up to 43.5% lower). Due to more filmwise manner of retention and a reduced 
possibility of bridging, a super-hydrophilic surface shows improved drainage 
performance for these tested heat exchangers, over the entire range of fin spacing (more 
than 30% mass reduction for all cases of Fs = 1.1 mm, Fs = 2.0 mm, and Fs = 5.2 mm). 
For a very wide fin spacing, a hydrophobic treatment may also help decrease the 
retention due to reduced droplet size, but it is not as effective as the hydrophilic treatment. 
It is also observed that hydrophilic treatment causes a slight heat-transfer degradation (a 
trend within the experimental uncertainty), due to the filmwise mode of condensation, 
and the degradation is relatively lager for specimens with wide fin spacing because the 
benefits of dropwise condensation are more pronounced under conditions of little or no 
bridging (~ 15% Colburn j factor degradation for specimens with Fs = 5.2 mm). 
Nevertheless, pressure drop across the heat exchanger is more sensitive to the 
enhancement of surface wettability (~ 40% reduction for Fs = 1.1 mm and ~ 20% 
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reduction for wider fin spacing). The results suggest that the advantages of hydrophilic 
treatment should be fully exploited for compact heat exchangers, due to the fact that the 
pressure drop and pumping power consumption can be managed while heat-transfer 
performance does not deteriorate. 
          As part of the effort to understand the underlying mechanisms for condensate 
retention, a model for predicting the mass of retained condensate is proposed based on 
laminar filmwise condensation assumptions. The model suggests that mass retention on a 
heat exchanger increases with latent heat transfer rate (Ql) and decreases with air-side 
Reynolds number (Redh), which are also reflected by the experimental data. The model is 
successful in predicting the magnitude and trends of condensate retention for the heat 
exchanger specimens over a wide range of tested conditions. 
            A surface embossing technique that can inexpensively impart micro-grooved 
topographical features on aluminum fin stock to enhance water drainage is introduced, as 
another direction to explore for manipulating fin wettability. The parallel-groove surface 
features serve to increase the apparent contact angle of water droplets placed onto the 
surface. A consistent reduction of critical sliding angle is observed on these embossed 
surfaces (grooves were aligned to the direction of gravity), which is due to the contact 
line discontinuities and contact line pinning effects induced by groove structure on the 
surface. Water droplets exhibit an elongated shape along with the direction of micro-
grooves, and this anisotropic wetting is attributed solely to the roughness anisotropy. 
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CHAPTER 1 
INTRODUCTION 
 
1.1  Introduction 
            In air-conditioning systems, the evaporator normally operates with the air-
handling surface temperature below the dew-point temperature of the conditioned air. 
Therefore, moisture condenses and accumulates on the surface of the heat exchanger 
(Figure 1.1). Condensate retained on the air-side heat transfer surface adversely affects 
the heat transfer, for example, by blocking inter-louver gaps and spoiling the flow-
directing ability of the louvers. At the same time, the retained condensate substantially 
increases the pumping power consumption by causing a higher pressure drop across the 
heat exchanger. Moreover, water retention on the evaporator surface provides a site for 
biological activity, which can have a profound impact on the indoor air quality. The more 
water retained, the longer it takes for it to evaporate after the system is shut off. Therefore, 
good drainage performance of the heat exchanger is generally desired, and the 
management of liquid water on aluminum fin surface becomes vital to energy efficiency 
and comfort. 
            Depending on the wettability of the air-side surface, water condensation on a heat 
exchanger can take the form of a dropwise mode, a filmwise mode, or as a mixed mode 
(Figure 1.2). The different condensing mode, together with the heat exchanger geometry 
play a key role in the overall retention behavior and largely affect the thermal-hydraulic 
performance of the heat exchanger. The objective of this study is therefore to examine the 
performance of heat exchangers with different configurations and distinct air-side surface 
wettabilities (manipulated by modifying the surface chemistry and/or roughness), in order 
to develop a better understanding of the impact of surface characteristics on moisture 
condensation, and how these could be employed to improve the performance of heat 
exchangers. According to 2002 estimates by the US Department of Energy, the usage of 
HVAC&R systems amounts to an annual expenditure of roughly 32 trillion dollars 
(Joardar and Jacobi, 2007), which means even 10% improvement could have a profound 
implication on energy savings. With rising energy consumption and new legislation 
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aimed at efficiency and environmental protection, advanced technology on performance 
enhancement for HVAC&R systems shall be encouraged by any means. 
            The following sections first outline the current status of wettability manipulating 
methods for aluminum surface. Next, a literature review of treatment approaches that 
have been applied on full-scale heat exchangers will be presented, along with observed 
impact on thermal-hydraulic performance. Current predictive models for the mass 
retention of water on a heat exchanger will also be explored. A summary and statement of 
objectives of this study will follow. 
 
1.2  Literature Review 
1.2.1 Wettability Manipulation on Aluminum Substrates 
            Wettability of a surface can be manipulated by modifying the surface chemistry 
and/or roughness. Changing the chemistry on a surface (e.g. by applying a certain 
chemical coating) affects the contact angle of retained droplets by altering the three 
interface energies related to the contact angle, as described by Young’s Equation (Young, 
1805): 
                                             
cos SV SLe
LV
γ γθ
γ
−
=
 
On the other hand, micro-scale roughness on a surface can significantly change the 
“apparent” contact angle of water droplets by increasing or decreasing the liquid/solid 
contact area. In order to achieve this effect, the scale of roughness features is usually 
much smaller than the droplet size. The theories of Wenzel (1936) and Cassie (1948) are 
widely accepted for interpreting these roughness effects on the wettability of a surface. 
For surfaces with fully wetted asperities (Figure 1.3a), the Wenzel model is adopted: 
                                        
cos cosW erθ θ=  
For fully de-wetted asperities (composite wetting, Figure 1.3b), the Cassie model is 
appropriate: 
(1.1)
(1.2)
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cos (cos 1) 1C eθ θ= Φ + −  
Equation (1.2) gives the apparent contact angle Wθ  when the water droplet completely 
fills the valleys of the roughness features. This wetting behavior normally results in a 
decrease in the apparent contact angle of the droplet for originally hydrophilic surfaces. 
The coefficient r  in Eq. (1.2) is the area ratio of the wetted area to the planar area ( 1r > ). 
Described in Eq. (1.3) is the apparent contact angle Cθ  when the water droplet is 
suspended on top of the roughness features, with air trapped underneath. This wetting 
behavior normally results in an increase in the hydrophobicity of the surface (larger 
apparent contact angle of water droplets), and Φ  in Eq. (1.3) is also an area fraction of 
the wetted area and the planar area ( 1Φ < ). Whether a droplet will take the complete 
wetting (Wenzel’s regime) or composite wetting (Cassie’s regime) behavior on a surface 
depends largely on the surface chemistry, as well as the roughness size and geometry, etc 
(He et al. 2003, Patankar 2004). However, when dealing with real surfaces, partially 
wetting behavior of water droplets is frequently observed, which is also referred as 
combined Cassie-Wenzel droplets (Narhe and Beysens 2004, Wier and McCarthy 2006, 
Dorrer and Ruhe 2007, Ran et al. 2008). Under these circumstances, it is difficult to 
determine the penetration length of the water droplets (or the actual wetting area), which 
makes the prediction of contact angle much more complicated. 
            The literature is replete with different kinds of chemical coating techniques on 
aluminum substrates, and the original motivation for most of them is for the purpose of 
anti-corrosion. Wettability alteration is usually the byproduct of these treatments, and 
because low surface energy and low activities with contaminants/moisture are the key 
factors for corrosion inhibition, most of the coatings are reported to exhibit a hydrophobic 
behavior. In 2001, Somlo and Gupta created a hydrophobic surface on Aluminum 6061 
alloy by creating a self-assembled monolayer of dimethyl-n-octadecilcholorsilane 
(DMOCS). Somlo and Gupta proposed this treatment recipe for deicing application, and 
the coated surface was reported to have the smallest ice adhesion when compared with 
other surface treatments. It was believed that the hydrophobic surface characteristics were 
due to the two methyl groups which are attached to the outer end of the carbon chain in 
the DMOCS coating. However, no detailed contact angle data were reported. In a paper 
(1.3)
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by Matarredona et al. (2003), polystyrene (PS) and poly(methyl methacrylate) (PMMA) 
were deposited onto aluminum 7075 alloy surfaces through admicellar polymerization 
process. Hydrophobic nature was confirmed on the modified aluminum substrates with 
measurements of elevated advancing contact angle of around 104º and 96º, respectively. 
Matarredona et al. also conducted experiments to demonstrate that the hydrophobic 
surface could create a barrier to block the entrance of water and work effectively for 
corrosion inhibition. Bayiati et al. (2004) focused on the selective deposition of 
fluorocarbon (FC) films on metal surfaces, specifically aluminum, over SiO2 surfaces. In 
this study, plasma parameters could be varied to acquire surfaces with distinct wettability. 
The maximum water contact angle achieved was around 118º. They mentioned that using 
this method it would be possible to achieve hydrophobic/hydrophilic patterning of 
substrates. However, they also reported poor mechanical properties of the film. In a more 
recent work, Fir et al. (2007) used an organic-inorganic hybrid (PDMSU) in forming thin 
film on AA 2024 aluminum alloy to protect the surface from corrosion. The water contact 
angle was observed to be larger than 100º and corrosion inhibition ability was report to be 
10 times higher than former films. For the same purpose Pathak et al. (2007) created 
waterborne ormosil coating systems for aluminum alloy by sol-gel process. The coating 
was based on hexamethoxymethylmelamine (HMMM) as a crosslinking agent, and 
depending on the concentration of HMMM surface contact angle was observed to vary 
from 75º to 90º. In a related paper, a weak hydrophobic surface on aluminum (water 
contact angle ~ 90º) was produced by Li et al. (2008), and triacetoxyvinylsilane (TAVS) 
was used as precursor to prepare sol-gel for surface treatment. 
              Ultra-hydrophobicity (very high water contact angles) has also been explored on 
aluminum substrates, and most of the work involves significant modification on surface 
roughness. In 2001, Thieme et al. outlined five different technological approaches to 
generate micro-morphological changes on aluminum surfaces (laser ablation, hot 
embossing, wet etching, replica molding, and electrochemical treatment). In the same 
article, they also reported the advancing and receding contact angles for aluminum 
specimens after each of these treatments. Through reactions of aluminum substrates with 
petroleum coke and fluorine gas at around 500ºC, Nakajima et al. (1985) prepared a 
fluoride film covered with a graphite fluoride layer on the specimen surface, and acquired 
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very high surface hydrophobicity (advancing contact angle 117~130º). The modified 
surface roughness was evidenced with scanning electron micrographs. In 2002, Ji et al. 
managed to deposit micron-thick films consisting of fluorinated carbon (CFx) on top of 
adherence layers on aluminum substrate, using a benign Ar/C2H2/C3H8 chemistry in a 
dual magnetron sputtering/plasma-enhanced chemical vapor deposition system. The 
maximum advancing contact angle observed on the treated aluminum surfaces was as 
large as 130º. More recently, a surface roughening method by simple chemical etching 
was developed by Qian and Shen (2005) for the fabrication of superhydrophobic surfaces 
on metals. The etched aluminum surface, after hydrophobizing with fluoroalkysilane, 
exhibited contact angles larger than 150º for water droplets, as well as extremely small 
critical sliding angles (<10º for 8µL drops). In later work, Zhao et al. (2006) applied 
electrochemical anodization to an aluminum sheet which was patterned with a metallic 
tantalum (Ta) mask, giving rise to the formation of patterned anodic aluminum oxide 
(AAO, porous structure) on the substrate. By controlling the anodizing time and the size 
of the metal mask, deep lithography of the aluminum substrate was realized. A 
mushroom-like Ta-Al microstructure was created on the aluminum surface, and it was 
found to exhibit pronounced hydrophobic behavior (θ~116º). By immersing aluminum 
and its alloy surfaces in sodium hydroxide for several hours followed by spin coating a 
layer of perfluorononane (C9F20) or poly(dimethyl-siloxane) vinyl terminated 
(PDMSVT), Guo et al. (2005) increased water contact angle on the substrate from about 
67º to above 160º. Electron microscopy showed that the surfaces after treatment exhibited 
a porous microstructure which could trap a large amount of air. In a more recent work 
presented by Sarkar et al. (2008), an aluminum specimen was first etched using dilute 
hydrochloric acid and then coated with an ultrathin rf-sputtered Teflon. Water contact 
angle of 164º with a low hysteresis of 2.5º was achieved. The presence of patterned 
microstructure, together with the low surface energy of Teflon films was considered to be 
the key contribution for superhydrophobicity. In 2008, Xu and Wang coated aluminum 
foil by a so-gel dip coating method with polystyrene spheres (PS) included as a 
removable template. Water removal ability was found to be dependent on the size of 
polystyrene spheres, and a maximum contact angle of 160º was reported (with PS size ~ 
500 nm). A water droplet of 4µL can roll off such a surface very easily. Anodically 
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oxidized and roughened aluminum surfaces were then deposited with different types of 
polymer films by Frenzel et al. (2009). Surface wettability varied with different polymers 
and detailed contact angle results were reported. In a very similar way, Menini and 
Farzaneh (2009) first produced an Al2O3 underlayer on the surface by anodization and 
then deposited a poly(tetrafluoroethylene) (PTFE) coating onto the surface. These 
treatments were in order to protect aluminum ground wires and exposed conductors 
against ice adhesion, and resulted in highly hydrophobic surface with water contact 
angles of 130º ~ 140º. In 2006, the exclusive use of surface topography manipulation to 
hydrophobize an aluminum surface was reported by Sommers and Jacobi. In that work, 
photolithographic techniques were used to create parallel grooves (30µm wide and tens of 
microns in depth) on aluminum substrates. They found that a droplet placed on the etched 
aluminum surface exhibited an increased apparent contact angle. The anisotropy in 
surface topography was found to lead to an anisotropic wetting behavior of the droplets, 
and more than a 50% reduction in the volume at the onset of droplet sliding was 
observed. 
            Hydrophilic treatment of aluminum surfaces was first investigated to serve as a 
precursory or intermediate processing step for assuring good wetting/adhesive behavior 
before paint coating or anti-corrosion film fabrication (Sugama and Duvall 1996, 
Chidambaram et al. 2006, Polini and Sorrentino 2007). With relatively high surface 
energy and affinity to moisture, these treated surfaces always struggle to maintain the 
original excellence in wettability when located in natural environment. In 1992, 
Strohmeier et al. demonstrated that oxygen plasma treatments could efficiently remove 
carbon contamination from aluminum foil surface and result in a significant improvement 
in the surface wettability (contact angles ~ 5º or less). However, they also observed that 
the wettability of plasma-treated foils degraded with time, probably due to the adsorption 
of hydrophobic, airborne carbon species and other contaminants. Carrino et al. (2006) 
also reported that oxygen cold plasma treatment would result in an improved wettability 
of aluminum alloy 2024. They proposed that these effects were due to the mechanical 
action of the bombardment by the plasma ions on the surface and to the chemical 
interaction of the charged particles with the contaminants (contact angle ~ 17º). 
Wettability degradation with aging was also mentioned. In a recent work published by 
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Kakeshi et al. (2008), the surface of an aluminum plate was modified with fluorinated 
ologomer/silica nanocomposites. The modified plate surface was found to exhibit a good 
hydrophilicity (water contact angle 12º ~ 19º), and was believed to be due to the presence 
of carboxyl groups in composites. Recently, a hydrophilic two-layer zeolite composite 
coating was formed on aluminum alloys by Beving et al. (2008). Contact angle were 
measured to be below 5º. 
            With the recent advances in surface technology, it is possible to create a gradient 
of wettability on a specimen, by means of generating chemical composition gradient, 
and/or surface roughness gradient along one direction. This work represents a new topic 
blooming in the recent years, which finds its application in liquid direction equipments, 
microfluidic devices, micropumps, diagnostic systems, etc. It was in 1992 that 
Chaudhury and Whitesides first reported droplet motion that was induced by a surface 
chemical gradient on a solid substrate. With a wettability gradient generated by reaction 
between decyltrichlorosilane vapor and a silicon strip, they successfully induced the 
upward motion of water drops on surfaces tilted from the horizontal plane by 15°. The 
resulting surface displayed the change of contact angle from 97° to 25° over a distance of 
1 cm, and the drops of 1 ~ 2 µL volume were observed to move at a velocity of 1 to 2 
mm/s uphill toward the hydrophilic end. Chaudhury and Whitesides also stated that in 
order for the drop to move, the hysteresis in contact angle on the surface had to be low (≤ 
10°). Afterwards, Daniel et al. (2001) observed the movement of water drops on a surface 
with a radial surface tension gradient, which is also acquired with the same reaction 
process. In their experiments, small drops of 0.1 ~ 0.3 mm diameter displayed velocities 
of 0.15 ~ 1.5 m/s, which are hundreds to thousands of times faster than those reported by 
Chaudhury and Whitesides. The authors suggested that the increase in velocity was 
probably powered by the energies of coalescence of the droplets. They also proposed that 
this effect had implications for passively enhancing heat transfer in heat exchangers and 
heat pipes. With surface prepared by the same technique, Daniel and Chaudhury (2002) 
investigated the motion of small ethylene glycol drops as well as water drops on surfaces 
with a continuous gradient of wettability. It is reported that the observed velocities is in 
the range of 1 to 2 mm/s for drops of 1 to 2 µL. They believed that this low speed arises 
because the driving force due the surface tension is reduced by contact angle hysteresis, 
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and attempted to quantify its effect using critical size of the drop that does not move. 
They proposed to apply a periodic force to a drop resting on such a gradient surface to 
overcome contact angle hysteresis, and successfully enhanced the speeds of water drops 
to 5 ~ 10 mm/s. Daniel and Chaudhury also found out that the measured velocities scaled 
approximately linearly with the drop radius. In 2007, Ito et al. used tuned 
photodegradation of an alkylsilane self-assembled monolayer (SAM) to generate a 
wettability gradient on the SAM surface. The treated surface displayed a water contact 
angle change from 100º to about 25º over a distance of 6 mm. Water drops were induced 
to move from the hydrophobic part to the hydrophilic part, and the velocity was observed 
to increase with the magnitude of gradient. Not only involving chemical reactions, 
Shastry et al. (2006) designed a systematic variation of surface roughness, specifically 
varying the solid-liquid contact area fraction Φ on a superhydrophobic surface. Water 
droplets were successfully guided to move along desired trajectories. In the same paper, 
they also developed an analytical model involving contact angle hysteresis that was used 
to predict the critical gradient for spontaneous droplet motion. In a similar way, Sun et al. 
(2008) also succeeded in controlling the motion of small water droplet on a polished 
silicon wafer, and their surface roughness gradient was created with laser treatment. 
 
1.2.2 HEX Treatment and Performance 
            Due to the cost and longevity concerns, not all of the techniques discussed above 
can be feasibly implemented in HVAC&R applications. In this section, the treatment 
methods that have been applied or attempted on full-scale heat exchangers will be 
reviewed, and all of them are contributing in the production of uniformly hydrophilic fin 
surfaces for the objective of reducing air-side condensate retention. In 2000, Hong and 
Webb categorized and documented the types of coating and treatment methods on 
aluminum fin materials, and also described their wetting mechanisms. In this article, 
Hong and Webb introduced five commercial coatings (Sama, SP411, Polygreen, 
Hypercore, Aqua-Shed) and provided their long-term wettability data. They also 
suggested several alternative treatments, including aluminum oxidization, thermal etching, 
and brushing unidirectional micro roughness onto the fin stock, but not all of them 
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yielded good surface wettability. In a related paper, Min et al. (2000) provided data of 
contact angles for several available commercial coatings and investigated their long-term 
wetting characteristics on heat exchangers. Following the previous work, Min and Webb 
(2001) reported contact angles on aluminum, copper, and two commercial coatings on 
aluminum. They also observed and measured the condensate retention formed on these 
surfaces and found out that the weight of condensate retained per unit area was an 
approximate function of the receding contact angles. In 2002, a paper published by Kim 
et al. described a method using DC discharge plasma of a reactive gas to deposit a cross-
linked polymer surface coating on heat exchangers. This deposition results in hydrophilic 
functional groups (C-O, C=O, (C=O)-C, etc.) forming on top of the coating and provides 
a highly wettable surface. Unlike the oxygen plasma treatment (Carrino et al. 2006, 
Kakehi et al. 2008), Kim et al. reported that the surface wettability of treated specimens 
did not have significant change with increasing number of wet/dry cycles. 
            Along with the advances in surface treatment technology in the past decade, fin 
surface wettability effects on the thermal-hydraulic performance of a heat exchanger 
started to draw the attention of many researchers. For conciseness, the relevant data and 
findings have been reviewed and are summarized in Table 1.1. The table provides 
detailed information on the HEX specimen geometry, types of coating applied, 
wettability data, as well as the air-side heat transfer coefficient and core pressure drop (or  
j and f factors)  of the specimen compared to its uncoated counterpart, if available. It can 
be seen that although the extent is influenced by the fin geometry and HEX compactness, 
a reduction of air pressure drop is consistently observed for heat exchangers after 
hydrophilic treatment, which means less energy consumption is required by the fan. 
Long-term investigation also revealed that this advantage persisted after a large number 
of wet and dry cycles in the system (Min et al. 2000, Kim et al. 2002). The heat transfer 
performance varied a little for different specimens tested, but the major outcome is also 
very similar. Surface coating either has no impact on air-side heat transfer, or results in a 
small degradation (generally less than 10%). Ma et al. (2007a) observed the only increase 
in heat transfer coefficient for a group of round-tube, wavy-finned heat exchangers after 
hydrophilic coating, and mentioned that ha,coated/ha,uncoated would decrease as the relative 
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humidity of incoming air went up. However, the article did not provide detailed 
explanation on these results.  
            Compared to the thermal-hydraulic performance data, very few data are reported 
on the condensate retention on a heat exchanger. In a work presented by Shin and Ha 
(2002), condensation experiments were conducted using fin-and-tube heat exchangers 
with three different shapes and two different wettabilities. Their work showed that a 
57%-75% reduction in condensate retention can be achieved by improving surface 
wettability and by changing the design of a heat exchanger with a lower number of fins 
and fins with slant ends. 
 
1.2.3 Retention Prediction Methods 
            Early work aimed at predicting the amount of retained condensate on heat 
exchangers was focused on annular-finned tubes with filmwise condensation from a pure, 
quiescent vapor. Beatty and Katz (1948) proposed a simple model accounting for gravity-
dominated drainage. The model showed reasonable agreement with data. However, Rudy 
and Webb (1985) demonstrated that in many cases the agreement broke down. They 
argued that surface tension forces are significant for the integral-fin tube and should be 
included in the drainage modeling. Rudy and Webb (1985) developed an improved model 
of drainage, which was also restricted to the annular-fin geometry, with filmwise 
condensation from a pure vapor. These early models do not extend trivially to 
condensation on air-cooling surfaces. Jacobi and Goldschmidt (1990) developed a model 
for the retention of water condensate from a moist-air flow over an annular-fin geometry. 
Although the model was simple, it recognized the forces relevant to condensate bridging 
and explained the observed j and f behavior with Redh. More recently, Korte and Jacobi 
(2003) proposed a model of droplet retention on heat transfer surfaces based on force 
balance between gravity, drag, and surface tension. Korte and Jacobi also provided the 
first comparisons of retention data to predictions for a plain-fin-and-tube heat exchanger. 
They found the maximum droplet size (the size of the largest droplet retained on a fin) to 
be a key parameter in condensate retention amount. A series of studies of droplet shape 
and retentive forces (El Sherbini and Jacobi 2004a & b, El Sherbini and Jacobi 2006a) led 
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to a more comprehensive model by El Sherbini and Jacobi (2006b). In contrast to this 
approach based on understanding maximum droplet size, Zhong et al. (2005) proposed a 
fluid dynamics model to understand the drainage of water from complex air-side surfaces, 
and they compared this approach to experimental data. 
 
1.2.4 Summary 
            The literature is replete with methods for wettability manipulation on aluminum 
surfaces, which is achieved by chemistry and/or surface morphology modification. 
However, not many of them are economically feasible for implementation in HVAC&R 
applications. Some research has been conducted for investigating fin wettability effects 
on heat exchanger performance. However, the variation of wettability is very limited. 
Most articles only investigate one hydrophilic coating at one time, or two with very 
similar wetting characteristics. No data for a hydrophobic heat exchanger were reported. 
            Among the previous publications, data were reported in a separate manner by 
only examining the heat transfer performance, or core pressure drop, or condensate 
retention of the tested specimen (as shown in Table 1.1), with no attempt to link them 
together. There is very limited information in the open literature on condensate retention 
and drainage behavior for heat exchangers. No research group reported retention data 
along with thermal-hydraulic performance (except the work conducted at the University 
of Illinois), not to mention with a characterization of surface wettability. Moreover, air-
side surface wettability impacts are largely affected by the fin geometry and spacing, 
which has not been carefully investigated before. It is also found that the current 
condensate retention models could not adequately address drainage behavior on emerging 
surfaces with unconventional wettability. 
 
1.3  Objectives 
            The primary objective of this research is to develop a better understanding of the 
impact of surface characteristics on moisture condensation, and how they can be 
employed to improve the performance of heat exchangers. This understanding will be 
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pursued through full-scale experiments with heat exchangers covering a wide range of 
surface wettabilities, as well as fundamental study and analysis of wetting and drainage 
behavior. The present work also aims to provide new, and thus more complete, 
experimental data on the performance of heat exchangers with unconventional 
wettabilites. The impact of fin geometry and spacing on the wettability effects, which is 
informative for developing design guidelines and to help realize the full potential of 
surface technology in HVAC&R industry will also be investigated. 
            In the next chapter, the impact of surface wettabiliy on different heat exchangers 
is experimentally evaluated by full-scale wind-tunnel testing. The experiments are mostly 
conducted under wet-surface conditions, as this is the scenario surface wettability will 
make an impact. A wide range of surface wettability will be covered, from complete 
wetting to very hydrophobic, in order to acquire a more complete understanding of their 
effects. The specimens also include heat exchangers with the same configuration but 
different fin spacing, which can be exploited to learn how fin density will influence the 
condensate retention and wettability impact. In this work, thermal-hydraulic data will be 
reported along with the retention data systematically, and the coupling relationship 
between them will be explored. 
            In Chapter 3, a new model for predicting the amount of condensate retention on 
hydrophilic heat exchangers will be proposed, which is based on the assumptions of 
filmwise condensation and could be used to understand the retention behavior on very 
hydrophilic surfaces. The physical basis and mechanisms of the model will be described, 
and predicted mass retention will be compared to experimental data. In Chapter 4, a 
different method for wettability manipulation - surface embossing technique for 
roughness modification - is introduced. The special wetting and drainage behavior on 
these embossed surfaces are studied, and the possible extension and implementation of 
this technology is discussed. Chapter 5 presents the summary and conclusions for the 
findings. It has been noted that the use of unconventional surface wettabilies also affect 
the reliability of dip test as a method to quickly assess drainage behavior form a specimen, 
and relevant findings will be addressed in Appendix A. In Appendix B, a new method for 
combining redundant data for minimization of experimental uncertainty is described, 
which is part of the data reduction process as addressed in Chapter 2.  
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1.4  Figures and Tables 
 
                                      
                (a)                                                                  (b) 
Figure 1.1 Condensate retention on air-side heat transfer surface: (a) round-tube plain-fin 
heat exchanger; (b) flat-tube louvered-fin heat exchangers 
 
 
           
                (a)                                                                   (b) 
Figure 1.2 (a) Dropwise condensation on a hydrophobic surface (coated aluminum); (b) 
Filmwise condensation on a hydrophilic surface (coated aluminum) 
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                                    (a)                                                                (b) 
Figure 1.3 Micro-scale roughness impact on surface wettability: (a) “Wetted” surface 
with apparent contact angle described by Wenzel’s model; (b) “Composite” surface with 
apparent contact angle described by Cassie’s model 
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Table 1.1 Effects of air-side surface wettability on heat-exchanger performance 
Author Year 
Tested specimens Wet-surface results 
Tube 
type Fin type 
Fin 
spacing 
(Fs / 
mm) 
Coatingc θ (deg) 
Heat 
transfer 
coefficientd 
Pressure dropd Retention
 
MpA (g/m2)d 
Mimaki 1987 Round Plain 1.5, 1.7, 2.0 Organic film ~ 10 No effect 40-50% reduction
 N/A 
Wang 
and 
Chang 
1998 Round 
Parallel louver (3b) 1.4 Organic film 
N/A 
(Hydrophilic) No effect 15-40% reduction
 N/A 
Parallel louver (4) 1.4 Cosmer dipping 
Plain (6) 1.4 Cosmer dipping 
Louver (9, 11) 1.7, 1.2 Organic film 
Hong and 
Webb 1999 
Round Wavy (2) 2.1 Aqua-Shed 
~ 10 No effect 
15% reduction 
N/A Rounda Lanced (4) 2.1 Aqua-Shed No effect 
Rounda Louver (6) 1.5 Sama 40-50% reduction 
Min et al. 2000 Round Wavy (4) 2.0 ZN θA~42, θR~0
 
N/A 
9% reductione 
N/A Wavy (5) AQ θA~68, θR~5 12% reductione 
Shin and 
Ha 2002 Round 
Plain/Slant edge (A1) 5.5 
Plasma 
polymerization θA~65, θR~0 N/A N/A 
75% reduction 
Plain/Discrete (B1) 8.5 57% reduction 
Plain (C1) 5.5 66% reduction 
Wang et 
al. 2002 Round 
Slit (2) 1.28 
Organic < 10 Up to 20% degradation 
Up to 40% 
reduction N/A Plain (5) 
Plain (7) 
1.23 
1.78 
Kim et 
al. 2002 Round Slit 1.4 
Plasma 
polymerization θA~20, θR~0 N/A 25% reduction
e N/A 
Ma et al. 2007a Round Wavy (1, 2, 3) 1.2, 1.5, 1.7 Organic resin 10~20 
Both +/- 
observed 
Up to 44% 
reduction N/A 
a
 Micro-finned tubes; b Specimen # as shown in the original publication; c Please refer to the original article for details; d Compared to the uncoated 
counterpart; e Results after 1000 wet/dry cycle.
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CHAPTER 2 
AIR-SIDE SURFACE WETTABILITY EFFECTS ON THE 
PERFORMANCE OF FIN-AND-TUBE HEAT EXCHANGERS 
 
            An experimental study to evaluate the air-side surface wettability impact on the 
performance of fin-and-tube heat exchangers was undertaken. The test specimens were 
comprised of three groups of heat exchangers, and samples in each group had identical 
geometry but different controlled wettability, covering a wide range of contact angles. 
The thermal-hydraulic performance of the heat exchanger specimens was measured in a 
closed-loop calorimetric wind-tunnel. Experiments were also designed to record the 
retained mass of air-side condensate under dynamic conditions, and the results were 
analyzed together with conventional thermal-hydraulic data of j and f factors. 
 
2.1 Experimental Methods 
2.1.1  Description of Heat Exchanger Specimens 
            A total number of 12 heat exchangers (3 groups) with different surface wettability 
were tested in this study. The heat exchanger configuration is shown schematically in 
Figure 2.1, and their distinguishing geometrical and wettability properties are specified in 
Table 2.1. Four slit-fin round-tube heat exchangers with identical geometry and different 
wettabilities consisted of the first group (Specimen 1 - 4). As shown in Table 2.1, two 
heat exchangers in this group were treated to be hydrophilic, through a plasma coating 
process (θA ~ 30° and θA ~ 50°, respectively ); the third one shows a large contact angle 
hysteresis (θA ~ 110° and θR ~ 0°) after treatment, and the fourth one represents the 
wettability of an untreated aluminum surface (θA ~ 85° and θR ~ 42°). It has been 
observed by Kim and his coworkers (Kim et al. 2002) that the contact angles measured 
on the untreated heat exchangers gradually decrease with increasing numbers of wet/dry 
cycles, while the wettability of the aluminum fins after plasma treatment appears to be 
robust. 
17


            The second group of heat exchangers contains four specimens (specimen 5 - 8) 
with identical geometry (Fs ~ 2.0 mm) and manifest complete wetting, hydrophilic, 
untreated aluminum, and hydrophobic air-side surface wettabiliy, respectively. The third 
group (specimen 9 - 12) is identical to the second one except that it has a wider fin 
spacing (Fs ~ 5.2mm). Corresponding specimens between these two groups (specimen 5 
and 9, specimen 6 and 10, specimen 8 and 12) share the same surface coating and 
wettability characteristics. The baseline heat exchangers (specimen 7 and 11) are also not 
treated. They were cleaned using neutral detergent in order to eliminate the effects of fin 
press oil on the surface wettability. In real systems, as Min and Webb (2001) 
demonstrated, the oil effects will be washed away as the number of dry/wet cycles 
increases. 
            The advancing and receding contact angles (θA and θR) were employed to describe 
the fin surface wettability of different specimens. These angles were determined by 
capturing images of droplets at the point of incipient motion on an inclined surface 
(Please refer to Appendix A for details). All advancing and receding contact angle results 
are listed in Table 2.1. It should be noted that the coating on specimen 6 and specimen 10 
is special as it produces high static contact angles. However, once a water film is formed 
on the surface it does not rupture. For this reason the coating displays a hydrophilic 
behavior in a condensate retention test, as will be shown in section 2.3. 
 
2.1.2  Experimental Apparatus and Procedure 
            A closed-loop wind tunnel schematically shown in Figure 2.2 was used to 
measure the thermal-hydraulic performance of the heat exchangers in this study. As the 
figure suggests, airflow was driven by an axial blower through resistance heaters (to 
condition the air temperature), a flow nozzle (to measure its mass flow rate), mixing 
chamber, honeycomb flow straighteners, screens, and a 9:1 area contraction before it 
reached the test section. Steam generated by a boiler could be injected into the system in 
order to acquire the desired relative humidity of air (regulated by a chilled-mirror 
dewpoint sensor and a PID controller). A mixture of ethylene glycol and water was 
supplied by a gear pump to cool the heat exchanger during the experiments. The coolant 
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had its temperature controlled by a chiller system, and a Coriolis-effect flow meter was 
used to measure its mass flow rate. A six-junction, equally spaced thermocouple grid (± 
0.1 ºC) and another twelve-junction grid were used to measure the air temperatures at the 
inlet and downstream of the specimen, respectively. Immersion RTD’s (± 0.03 ºC) were 
positioned at the inlet and exit of the heat exchanger to record the coolant in and out 
temperatures. Upstream and downstream dewpoint of the air were measured using 
chilled-mirror hygrometers (± 0.2 ºC), and pressure drop across the heat exchanger was 
acquired with an electronic pressure transducer (± 0.2 Pa).  
            Shown in Figure 2.3 is a magnified picture of the test section, which was designed 
to allow a transient measurement of the condensate mass retention on the heat exchanger 
specimen. As illustrated, heat exchanger was suspended in the wind tunnel with a non-
absorbing strap, which was grid-structured with holes allowing water to pass through and 
be drained from the heat exchanger. An electronic balance (± 0.1 g) was placed under the 
strap to record the mass of condensate retention on the heat exchanger. Flexible plastic 
film was used to insulate the heat exchanger and allow its movement for the mass 
measurement. Coolant inlet and outlet tubes were kept as flexible as possible to reduce 
the weight measurement uncertainty, and horizontal supports were introduced to mitigate 
friction interference. Even though the heat exchanger was constructed into the test section 
with special care, insulation had to be sacrificed to some extent because leakage was 
inevitable around the straps in order to eliminate friction. Nevertheless, most of the data 
showed energy balance ( /a c aveQ Q Q− ) within 10%, and only these data were used for 
subsequent heat-transfer analysis. Before every single wet test, the balance was calibrated 
by recording readings for calibration weights that were put onto the specimen. Balance 
readings always deviated linearly from the calibration weight and less than 10%. The 
resultant linear curve fit was then used to record data in subsequent testing. 
            Heat transfer, pressure drop, and dynamic retention data for different specimens 
were recorded over a range of operating conditions. For thermal-hydraulic measurements 
the test conditions are provided in Table 2.2. Dry tests were also conducted to examine 
the impact of fin thickness increment due to surface coating. When dynamic condensate 
retention data were obtained, the range of experimental conditions was expanded in order 
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to investigate the effects of various parameters on the amount of condensate retained on 
air-side surface. As a result, inlet air temperature was adjusted between 23.9 to 35.0 ºC, 
and upstream dewpoint ranged from 12.8 to 21.1 ºC. The inlet coolant temperatures also 
spanned from -1.1 to 4.4 ºC. 
            An experiment was initiated by circulating the airflow while bringing it to the 
desired temperature, velocity, and relative humidity. Coolant flow which had also been 
preconditioned to the desired temperature was then started to cool the heat exchanger. For 
a wet test, the electronic balance was zeroed immediately after the coolant circulating 
starts and would record the mass retention on the test heat exchanger every 0.2 second 
(The balance calibration should be accomplished before the experiment starts, under the 
same air flow rate and coolant circulating condition). After a brief transient period at the 
beginning of each test (~ 10 minutes for dry test, and 20 ~ 30 minutes for wet test), it 
would arrive at a steady state. After an experiment arrived at the steady state, reading of 
the electronic balance (only for wet test) as well as all conditions remained constant 
within their experimental uncertainty throughout the rest of the experiment. Thermal-
hydraulic data would then be sampled out by a LabView program for subsequent 
analysis. For wet tests, the experimental conditions were carefully set and monitored to 
ensure that the temperature of entire heat-transfer surface was below the dew-point 
temperature throughout the experiment. That is, the fully wet condition was ensured for 
every single test. 
 
2.2 Data Reduction and Interpretation 
            Data reduction and interpretation follow the methods detailed by the 
ANSI/ASHRAE Standards (33-2000). For evaluating thermal performance, the rate 
equation for the heat exchanger and energy balances between air and coolant sides were 
employed in conjunction with thermodynamic properties and mass flow rates. A log-
mean-temperature-difference (LMTD) method and a log-mean-enthalpy-difference 
(LMED) method were then used for dry tests and wet testes respectively to analyze the 
heat exchanger performance. Uncertainty in all the measured data are listed in Table 2.3, 
and estimation of the uncertainties for all the calculated quantities followed the error-
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propagation methodology as described in NIST Technical Note 1297 (Taylor and Kuyatt, 
1994). A commercial software package, Engineering Equation Solver (EES), was used 
for calculation. 
 
2.2.1  Dry-Condition Data Reduction 
            Dry-condition tests were conducted for specimen group 2 and 3 to investigate the 
impact of fin thickness increment due to surface coating. For the air and coolant flow, the 
heat transfer rates at each side were calculated based on the mass flow rate and 
temperature change: 
                                             ( ), , ,a a p a a i a oQ m c T T= −                                                     (2.1a)                                             
                                             ( ), , ,c c p c c o c iQ m c T T= −                                                      (2.1b) 
A log-mean-temperature-difference (LMTD) method was employed to analyze the heat 
transfer performance: 
                                             
ave
T
QUA
F LMTD
=
⋅
                                                              (2.2) 
In this equation, U is the overall heat transfer coefficient, and AT denotes the total air-side 
heat transfer area (fin and tube). LMTD for counter flow was given by 
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                                      (2.3)  
and the correction factor F was very close to unity under operating conditions of this 
study. For the purpose of combined uncertainty minimization (Please refer to Appendix B 
for details), Qave was estimated as the weighted average of the air-side and coolant-side 
heat transfer rates using the following:  
                                             ave a a c cQ Q Qω ω= +                                                           (2.4a) 
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where aω and cω are the weighting factors that depend on the uncertainties in the heat 
transfer rates of the air side, ξa, and of the coolant side, ξc  
                                             
2
2 2
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1/ 1/
a
a
a c
ξ
ω ξ ξ= + ;    
2
2 2
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1/ 1/
c
c
a c
ξ
ω ξ ξ= +                          (2.4b)                   
For all the data presented for dry-condition tests, the relative discrepancy between the air 
and coolant heat transfer rates, a c
ave
Q Q
Q
−
, had an average value of 5% or less. 
            The overall thermal conductance (UAtot) of the heat exchanger was then available 
from Eq. (2.2), and it could be related to the total thermal resistance through the 
following expression (where the contact resistance and fouling are assumed to be 
negligible) 
                                             
1
c cond a
tot
R R R
UA
= + +                                                        (2.5)  
where Rc, Rcond, Ra are the coolant-side convective resistance, tube wall conduction 
resistance, and air-side heat transfer resistance, respectively: 
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The conduction resistance across the tube wall was calculated assuming steady, 1-D heat 
conduction as described in Eq. (2.7). In this study, Rcond was found to be less than 0.1% of 
the total resistance. The conduction resistance of soldered collar is also negligible. 
            For the round-tube plain-fin heat exchangers as shown in Figure 2.1(b), the 
coolant flow was divided into six circuits. As a result, the tube-side Reynolds number 
was always below 1000 and laminar flow prevailed. The following correlation was 
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adopted to evaluate the overall coolant-side convective Nusselt number (Incropera and 
Dewitt, 2002) 
                                             2/3
0.0668( / ) Re Pr3.66
1 0.04[( / ) Re Pr ]
i D c
c
i D c
D LNu
D L
= +
+
                          (2.9) 
where µ and µw are the coolant dynamic viscosity evaluated at the average fluid 
temperature and wall temperature, respectively. As mentioned above, the coolant was a 
single-phase ethylene glycol / water mixture. Thermophysical properties of the mixture 
were calculated using correlations provided by the manufacturer, based on the measured 
coolant temperature and specific gravity. 
 The air-side resistance, Ra, in Eq. (2.8), is a combination of the resistance due to 
air-side convection from the tube and the fin surface areas. The overall surface efficiency 
was defined as 
                                             ( )1 1fino f
tot
A
A
η η = − ⋅ − 
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                                                   (2.10) 
The fin efficiencies, ηf, was determined using the modified equations for plane fins, as 
suggested by Wang et al. (2000): 
                                             
( )tanh if
f
if
mr
mr
φ
η φ=                                                            (2.11a) 
                                             
2 a
f f
h
m
k δ=                                                                    (2.11b) 
                                             1 1 0.35lneq eq
if if
R R
r r
φ     = − ⋅ +            
                                  (2.11c) 
For inline tube layout, 
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Eqs (2.1-2.11) were programmed with all the measured data into Engineering Equation 
Solver (EES), and the air-side heat transfer coefficient ha was determined in an iterative 
manner. 
 Data interpretation followed the methods detailed by the ARI Standard for fin-
and-tube heat exchangers. Given the results of ha, the Colburn j factor is obtained from 
                                             
2/3
1/3
,
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a a
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= = ⋅
                                            (2.12) 
where the mass flux, 
min
amG
A
=

, corresponds to the minimum free flow area. All the fluid 
properties were evaluated at the average values of inlet and outlet temperatures under the 
steady-state conditions. The non-dimensional friction factor of the heat exchanger, f, is 
expressed as (excluding the negligible entrance and exit losses) 
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with 
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and 
                                             
2
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2.2.2  Wet-Condition Data Reduction 
            Under wet conditions, the overall data reduction procedure follows the same 
methodology as in dry conditions. The calculation is modified by the existence of latent 
heat transfer. Enthalpy differences were used instead of temperature differences for 
interpreting the total air-side heat transfer rate. 
                                             ( ), ,air a a in a outQ m i i= −                                                      (2.14) 
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where ia,in and ia,out are the enthalpy of inlet and outlet air, which can be determined with 
known moist-air temperature, pressure, and dew point. 
            Among several different approaches found in the literature, the LMED method for 
simultaneous heat and mass transfer described by Threlkeld (1970) was adopted. The 
heat exchanger rate equation, based on enthalpy potential, is now expressed as 
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⋅
                                                           (2.15) 
Please note that the dimension for UAT under wet conditions is different from that for dry 
condition. LMED for counter flow was given by 
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where ia,s2 and ia,s1 are enthalpy of saturated moist air at refrigerant inlet and outlet 
temperatures, respectively. The overall heat transfer coefficient for wet condition was 
then calculated by Eq. (2.17). 
                                             
( )
( )
''
,
ln /1
2
p ai i o ii
T c c o a tottube
Cb D D Db
UA h A kA h Aη
= + +                        (2.17) 
In Eq. (2.17), 'ib  is the slope of saturated enthalpy line for air evaluated at average tube 
internal surface temperature. 
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                                                                  (2.18) 
When calculating the fin efficiency for plain-fin round-tube heat exchangers (group 2 and 
3) under de-humidifying conditions, Eq. (2.11b) will be replaced by Eq. (2.19): 
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where bi was defined in the same way as 'ib  in Eq. (2.18) but evaluated at average fin 
surface temperature. With the heat transfer coefficient calculated, the j and f factors were 
determined from temperature, mass flow, pressure drop, and geometrical data in the same 
way as Eqs (2.12) and (2.13). 
            Because the first group of heat exchangers (specimens 1 - 4) are different from the 
rest in fin geometry and tube arrangement, several formulas were replaced during the data 
reduction. First, the correction factor F in Eq. (2.15) was evaluated to be ~ 0.98 based on 
the flow arrangement and operating conditions in this study (Incropera and Dewitt, 2002). 
Because this specimen has a single pass tube side design, the tube side Reynolds number 
is higher than the other two groups and sometimes gets close to 2000. Therefore, coolant-
side transfer coefficient for this group of heat exchangers was calculated from a self-
developed correlation, using the Wilson-plot method (Wilson, 1915) and overall heat 
transfer coefficients measured at different coolant mass flow rates. 
                                             
0.345 0.4650.196 Re Prc D cNu =                                              (2.20) 
Also, fin efficiencies for the slit fin shape were determined using the sector method (with 
thirty-two sectors per tube), as addressed in Hong and Webb (1996) and extended by Kim 
and Jacobi (2000) for slit-fin geometry applications. 
 
2.3 Results and Discussion 
            Dry-condition test data are presented in subsection 2.3.1, and all the following 
sections 2.3.1 - 2.3.5 are discussing the impact of air-side wettability on heat-exchanger 
performance under fully-wet condition operations. In these sections, dynamic and steady-
state condensate retention results will be presented first, followed by thermal-hydraulic 
data (conventional j and f factors) of the tested heat exchangers. The effects of surface 
wettability on the heat exchanger performance and mass retention will then be discussed. 
Finally, a comparison will be drawn among the three groups to illustrate the effects of fin 
geometry and spacing on the effectiveness of applying special surface wettability. 
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            Through a standard error-propagation calculation as described in NIST Technical 
Note 1297 (Taylor and Kuyatt, 1994), the average uncertainty in j factors was found to be 
about ± 9.7% under dry test conditions, and about ± 13.1% under wet test conditions. The 
higher j uncertainty is mostly from the uncertainty of upstream and downstream dew-
point measurements. The uncertainty in f is about ± 4.3% under both dry and wet test 
conditions, which majorly comes from the accuracy of pressure transducers and 
measurement of air mass flow rate. The uncertainty in retention mass (M) measurements 
was estimated to be less than ± 5% under steady state conditions, mainly due to small 
fluctuations caused by discrete shedding behavior. 
 
2.3.1   Dry-Condition Test Data 
            Experiments were first conducted under dry test conditions for group 2 and 3 
specimens to examine the impact of surface coating. The relative humidity of circulating 
air was maintained low (~ 32%) so that the surface temperature is always above the dew 
point. Therefore, no condensation initiated on heat-exchanger surface. The thermal-
hydraulic performance are presented in Figure 2.4 for group 2 (Fs = 2.0 mm) and in 
Figure 2.5 for group 3 (Fs = 5.2 mm) specimens. 
            Figure 2.4 indicates that the surface coatings do not significantly affect the 
pressure drop across the heat exchanger or the air-side heat transfer performance for 
group 2 specimens. The difference of j factor data between baseline and coated 
specimens shown in Figure 2.4(a) is within experimental uncertainty, so is the difference 
of f factor results as shown in Figure 2.4(b). For group 3 specimens with wider fin 
spacing, it is shown in Figure 2.5(a) that the air-side heat transfer performance are also 
very similar among the group. However, Figure 2.5(b) indicates that specimen 9 and 10 
have much higher friction factors compared to the baseline (specimen 11). The average 
difference with baseline is about 16.0% for specimen 9 and 17.3% for specimen 10, 
clearly larger than the experimental uncertainty. These differences may be due to 
manufacturing variability, or because of the coating process. When analyzing the 
hydraulic performance data for wet test conditions, these differences will be taken into 
account to ensure a clearer interpretation of retention impact. Nevertheless, from the 
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current data it is reasonable to assert that the thickness of coating is small compared to 
the fin thickness and additional thermal resistance caused by the coating can be 
neglected. 
            Even though heat exchangers in each group (with identical geometry) display 
very similar thermal-hydraulic behavior under dry test conditions, the coatings have a 
profound impact on condensate retention and drainage from heat-exchanger surface under 
wet conditions, because of their distinct hydrophilicity. These effects will be presented in 
the following subsections. 
 
2.3.2   Dynamic Condensate Retention Data 
            When the surface temperature of the heat exchanger is lower than the dew point 
of the incoming air, moisture in the air starts to condense and accumulate on the heat-
transfer surface. Two sets of real-time retention measurements for specimen group 1 are 
given in Figure 2.6 to illustrate the typical behaviors (similar for all specimens tested in 
this study). Data presented in Figure 2.6(a) and (b) were acquired under two different air 
flow rates† and otherwise identical operating conditions (Ta,in = 23.9 °C, Tc,in = 4.4 °C, 
DPup = 18.3 °C and cm
 
= 0.056 kg/s). As shown in the figures, the heat exchangers were 
initially dry, over time the retention amount gradually increased on the air-side heat 
transfer surface. When retention reached a certain amount that gravitational and flow 
forces eventually overcame surface-tension retaining effects and condensate would start 
to drain from the heat exchanger. When the rate of deposition is balanced by shedding, a 
steady-state value of mass retention is achieved. In spite of using chilled-mirror dewpoint 
sensors and a PID controller, the dew point in the wind tunnel sometimes fluctuated, 
which consequently caused the fluctuation of retention amount. Thus, one must exercise 
caution not to draw too much from the details of the transient retention results shown in 
Figure 2.6, especially over long periods of time. The general behavior is most important. 
 
†
 During the experiments, the accumulation of condensate changes the face velocity as well as air-side 
Reynolds number. The data shown in Figure 2.6 were collected at two fixed blower frequencies, which 
correspond to a dry-surface Redh  ~ 250 and dry-surface Redh  ~ 350 respectively. 
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            It is obvious that under the same operating conditions, specimen 1 (θA ~ 30°) and 
specimen 2 (θA ~ 50°) retain much less condensate than do the other two specimens 
which are relatively more hydrophobic. This behavior is due to the filmwise condensation 
on the hydrophilic heat exchangers. Moreover, the water film is very thin, and much more 
uniform, which reduces the possibility of bridging to occur between adjacent fins. The 
reduced retention on hydrophilic specimens will consequently lead to reduced friction 
factors and higher energy efficiency, as will be discussed in the subsection 2.3.4. 
            It is noteworthy that the time required to achieve steady state condensation for 
more hydrophobic heat exchangers (specimens 3 and 4) is usually longer than for the 
hydrophilic ones (specimens 1 and 2). This behavior may be manifested simply because 
the more hydrophobic heat exchangers retain much more condensate at steady state, 
which takes more time to accumulate if the deposition rates are similar. The dropwise 
condensation, which is much less uniform and unstable than a thin condensate film, may 
require a longer time to attain a stationary condensate distribution needed for steady state. 
            Comparing Figure 2.6(a) and 2.6(b), it can be concluded that increasing the air 
flow rate, i.e. increasing the air face velocity (or air-side Reynolds number) caused a 
reduction in the mass retention. By increasing the initial dry-surface air-side Reynolds 
number from Redh ~ 250 (a) to Redh ~ 350 (b), the steady-state retention of specimens 1 
and 2 decreased from about 65 g/m2 to 50 g/m2, and the retention for specimen 3 and 4 
decreased from more than 100 g/m2 to approximately 85 g/m2. This behavior was 
observed for all specimens and was directly caused by the increased air shear effects. 
 
2.3.3   Steady-State Condensate Retention Data 
            The mass retention data in the steady-state region of the real-time retention 
measurement were averaged for each individual experiment to provide steady-state mass 
retention data for different specimens, as shown in Figure 2.7. All displayed data were 
obtained under conditions: Ta,in = 23.9 °C, Tc,in = 4.4 °C, DPup = 18.3 °C. Please note that 
Figure 2.7 (a) (b) (c) have different air-side Reynolds number range because each group 
of specimens have varying hydraulic diameters which are directly related to their fin 
spacing. 
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            It is obvious that the amount of condensate retention consistently decreases with 
air-side Reynolds number, for all the specimens tested. Again, it is because a higher air-
side Reynolds number increases shear at the liquid-vapor interface, which causes an 
increased flow of the condensate toward the exit face of the heat exchanger. It is also 
clear that the wettability of the fin surface plays an important role on the retention 
amount. Under similar operating conditions, the hydrophilic specimens always retain 
much less condensate than specimens that are relatively more hydrophobic. Condensate 
retention results for different specimens (compared to the baseline) are summarized in 
Table 2.4. It can be seen that a completely wetting fin surface always serves the best for 
reduced condensate retention, which results in a 43.5%, 32.4%, 35.3% retention mass 
reduction for the Fs = 1.1 mm, Fs = 2.0 mm, and Fs = 5.2 mm specimens, respectively. A 
very uniform water film was observed on air-side surface of these heat exchangers during 
experiments. Based on the retention mass, a film thickness of about 40 ~ 120 µm was 
estimated to exist on the air-side surface, depending on the operating conditions. 
            One may also notice that specimens with hydrophobic coating (specimen 8 and 
12) retain slightly less water than their untreated counterpart (specimen 7 and 11, 
respectively), which may be due to the high receding contact angle and consequent 
reduced drop sizes. This echoes the idea in the literature that either very hydrophilic or 
very hydrophobic surfaces could help decrease the amount of condensate retention. 
Nevertheless, it is apparent that the hydrophobic coating used in this study does not do a 
job as well as hydrophilic ones. Even for a plain fin geometry with spacing larger than 5 
mm (Figure 2.7(c)) and consequently not much concern of condensate bridging, the 
hydrophobic coating still does not show any advantage over hydrophilic treatment. In 
fact, the coating process eliminated a lot of the texture and imperfections that are typical 
on an aluminum fin surface, causing much more uniform nucleation and droplet growth 
instead of a more standard size distribution observed on an untreated heat exchanger (see 
Figure 2.8). As a result, even though the maximum size of the droplets may be reduced 
by the hydrophilicity, drainage initiation may be delayed due to the fact that none of the 
droplets are significantly larger than others. 
            Although more hydrophobic coatings that provide higher water contact angles 
(and especially smaller contact angle hysteresis) would help water removal, making a 
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surface of heat exchanger superhydrophobic is not a good option from the heat transfer 
design point of view. Heat exchange could be degraded because nucleation is delayed due 
to the water-repellant surface characteristics. The droplets that have formed are also 
potentially vulnerable to detachment and evaporation. Therefore, a hydrophilic surface 
shows advantages by enhancing the drainage performance while still maintaining a high 
rate of condensation and heat exchange. 
 
2.3.4   Wet-Condition Thermal-Hydraulic Performance 
            Air-side heat transfer and pressure-drop results under fully wet conditions are 
presented in the form of sensible j factors and f factors as functions of air-side Reynolds 
number Redh for each group in Figure 2.9, 2.10 and 2.11. As a general trend, the data 
suggest that the specimens treated to manipulate wettability show slightly lower Colburn 
j factors than do the untreated heat exchangers, and the f factors are reduced by the 
improvement of surface hydrophilicity. 
            Wet j factors for different specimens (compared to the baseline) are summarized 
in Table 2.5. It can be seen that for heat exchangers tested in this study, surface treatment 
almost always causes a degradation to air-side heat transfer performance under wet 
conditions, even though the difference is usually not large. For the hydrophilic heat 
exchangers in each group (specimens 1 & 2, 5 & 6, and 9 & 10) this degradation is 
possibly due to the filmwise mode of condensation, which builds up an insulating liquid 
film and provides little portion of bare surface area for heat transfer. This is why it is 
widely reported that dropwise condensation usually offer higher rates of heat transfer 
than filmwise condensation. This effect is expected to be higher for group 3 specimens, 
which has a wide fin spacing (Fs = 5.2 mm). As shown in Table 2.5, specimen 9 and 10 
exhibit wet j factors about 15% lower than the untreated specimen 11. For heat 
exchangers with very tight fin spacing – as the specimens tested in group 1 (Fs = 1.1 mm) 
– droplet bridging occurs on a large portion of the surface. Condensate retained in the 
space between adjacent fins severely blocks the air flow passage. As a result, difference 
in j factors for the hydrophilic and hydrophobic specimens is not as obvious. 
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            Heat transfer decrease was also observed on the hydrophobic heat exchangers. 
Wet j factors for specimen 8 and 12 were measured to be 27.4% and 7.9% lower than 
their untreated counterpart, respectively. The first number was partially contributed by the 
manufacturing variability and/or coating impact on geometry, as the j factor of specimen 
8 under dry conditions was already 9.5% lower than the baseline (shown in Figure 
2.4(a)). Nevertheless, degradation of heat transfer performance on these two specimens 
was also expected, based on the observation of relatively uniform droplet growths on the 
surface during tests. As mentioned in the previous section, the coating appliance 
eliminates a lot of the texture and imperfections that are typical on an aluminum fin 
surface, causing much more uniform nucleation and droplet development on the fin 
surface. As a result, droplets of similar sizes exist all over the heat-transfer surface, 
forming an equivalently (and much thicker) layer of thermal resistance as filmwise 
condition does. On the other hand, the dropwise mode of condensation still provides 
higher roughness on top of the condensate, which may contribute to bringing up the 
convective heat transfer coefficient. The combined effects of these two mechanisms result 
in slightly decreased wet j factors. For group 2 specimens, the relatively tight fin spacing 
causes condensate bridging and the advantage of dropwise mode is deteriorated, which 
leads to a larger heat transfer decrease. 
            Wet f factors for different specimens (compared to the baseline) are summarized 
in Table 2.6. It can be seen that hydrophilic treatment consistently helps reduce core 
pressure drop across the heat exchanger, especially for group 1 specimens with high fin 
density. The two hydrophilic specimens (θA ~ 30° and θA ~ 50°, respectively) display 
much lower f factors than does the untreated one (38.3% and 49.3% lower), and specimen 
3 (θA ~ 110°) has the highest friction factors. The condensation occurring on specimen 1 
and specimen 2 is essentially filmwise, and that occurring on specimen 3 and specimen 4 
is more dropwise in nature. Therefore, droplets on the surfaces of specimen 3 and 
specimen 4 present a larger projected area to the flow and also form inter-fin bridges and 
block the air flow. This is congruent with the explanation for the reduced condensate 
retention in Figure 2.6. The reason why the f factors for specimen 1 (θA ~ 30°) are slightly 
higher than for specimen 2 (θA ~ 50°) is not clear, but it may be due to experimental 
uncertainties, since these two specimens have very similar surface characteristics and 
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their behavior are expected to be close. From Figure 2.9(a) and 2.9(b) it is clear that the 
heat exchanger area goodness (j/f) for the hydrophilic specimens is more than twice that 
of the hydrophobic specimens. These data indicate that operating at a fixed pressure drop 
the hydrophilic specimens would provide a significant increase in heat duty at identical 
operating conditions. 
            The results are similar to the other two groups of heat exchangers, but the f 
reduction is not as pronounced as was observed for group 1. This may be due to the wider 
fin spacing and less surface portion of condensate bridging. In summary, it was 
consistently observed in this study that after applying hydrophilic surface treatment, heat 
transfer performance of the heat exchanger is not strongly influenced, but pressure drop is 
more sensitive to the enhancement of surface wettability and can be significantly 
reduced. This behavior can result in reduced fan power and reduced fan noise, or at fixed 
pressure drop filmwise condensation may allow higher air-side velocities and an 
attendant increase in heat transfer. The slightly difference on f factor after hydrophobic 
treatment for specimen 12 is majorly determined by the droplet distribution on the 
surface, as the mass retention was shown to be similar between specimen 12 and baseline 
specimen 11 in Figure 2.7(c). On the other hand, the relatively tight fin spacing for 
specimen 8 limited this distribution variability, and therefore f factors more similar to 
baseline numbers were observed. 
 
2.3.5   Fin Spacing Impact on the Surface Wettability Effects 
            It can be seen from Table 2.4 that the wettability impact on steady-state 
condensate retention are similar for three groups. Therefore, it can be concluded that 
applying hydrophilic treatment can help drainage performance for almost all heat 
exchangers, whether it is very compact or not. The drainage improvement is the best for 
group 1 specimens which have the tightest fin spacing (43.5% decrease in retention by 
the hydrophilic treatment).  
            Even though the surface wettability still profoundly impacts condensate retention 
for heat exchangers with wide fin spacing, it does not affect the pressure drop as much as 
specimens with smaller fin spacing (specimen 1 - 4). This is because the existence of 
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water retention on air-side surface would substantially decrease the free flow area for 
specimens with high fin density while not making big difference with low fin density and 
wide spacing. This finding suggests that hydrophilic treatment significantly impacts 
compact heat exchangers, when condensate bridging is the main contributor for high 
amount of retention. Even with that in mind, it should be pointed out that core pressure 
drop generally increases with the amount of condensation that was retained on the heat 
exchanger. The only difference would be again the impact of retention on f factors is 
more pronounced for heat exchangers with higher fin density (and fin interruptions). The 
fact that the amount of condensate mostly correlates with the hydraulic performance 
could be utilized to predict the f factor of a heat exchanger from its condensate drainage 
performance, or vice versa. 
            When the pin spacing is large, the degradation in heat-transfer performance by the 
filmwise mode of condensation is more pronounced. As mentioned in the previous 
sections, wide fin spacing allows the specimen to take advantage of larger portion of bare 
surface for heat transfer and the enhanced surface roughness under dropwise mode of 
condensation, while tight fin spacing deteriorates the function of these mechanisms. 
Therefore, for compact heat exchangers, hydrophilic surface treatment serves the best due 
to the fact that the pressure drop and pumping power consumption can be largely brought 
down without decreasing the heat transfer performance. For heat exchangers with wide 
fin spacing, the heat-transfer performance will be sacrificed to some extent. 
 
2.4 Conclusions 
            In this chapter, experimental data for condensate retention and thermal-hydraulic 
results for fin-and-tube heat exchangers with identical geometry and differing surface 
wettability were reported. The effects of wettability are reported, and conventional 
methods have been used to provide air-side j and f factors. A link between retained 
condensate and thermal-hydraulic performance is established. The significant 
experimental findings are summarized as follows:  
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            (1) Under the same operating conditions, hydrophilic heat exchangers retained 
less water than heat exchangers that are more hydrophobic due to the more filmwise 
manner of retention and reduced possibility of bridging;  
            (2) The amount of condensate retention consistently decreased with increasing air 
flow rate, which contributes to higher air-shear effects;  
            (3) No matter the heat exchanger is very compact or not, a complete wetting 
surface always serves the best for improving drainage performance. Even with fin 
spacing larger than 5 mm, the hydrophobic treatment tested in this study does not show 
superiority;  
            (4) Hydrophilic treatment causes slightly heat-transfer degradation due to the 
filmwise mode of condensation. The degradation is larger for specimens with wide fin 
spacing because benefits of dropwise condensation are more pronounced under 
conditions of little or no bridging. 
            (5) After applying hydrophilic surface treatment, heat transfer performance of the 
heat exchanger is normally not strongly influenced, but pressure drop is more sensitive to 
the enhancement of surface wettability and can be significantly reduced. This behavior 
can result in reduced fan power and reduced fan noise, or allow higher air-side velocities 
and an attendant increase in heat transfer at fixed pressure drop. 
            (6) Surface wettability holds profound impact on condensate retention for all heat 
exchangers, but its effect on pressure drop for specimens with wide fin spacing is not as 
much as for specimens with smaller fin spacing. 
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2.5 Figures and Tables 
 
 
(a) 
 
(b) 
Figure 2.1 Schematic of HEX specimens, all dimensions in mm: (a) round-tube, slit-fin 
heat exchanger; (b) round-tube, plain-fin heat exchangers. 
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Figure 2.2 Wind tunnel for thermal hydraulic measurements and condensate retention 
experiments 
 
Figure 2.3 Heat exchanger test section. This design allows the real-time measurement of 
retained condensate, along with conventional thermal hydraulic measurements. (A) wind 
tunnel; (B) electronic balance; (C) strap; (D) heat exchanger; (E) coolant supply; (F) 
flexible plastic film; (G) horizontal support; (H) drainage holes 
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 (b) 
Figure 2.4 Thermal-hydraulic data under dry test conditions for 12FPI specimen group 
(specimens 5 - 8) 
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(b) 
Figure 2.5 Thermal-hydraulic data under dry test conditions for 5FPI specimen group 
(specimens 9 - 12) 
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(b) 
Figure 2.6 Typical transient retention behaviors on the test heat exchangers, mass per unit 
heat-transfer area as a function of time. Displayed data were obtained for group 1 
specimens under conditions: Ta,in = 23.9 °C, Tc,in = 4.4 °C, DPup = 18.3 °C and cm = 0.056 
kg/s; (a) dry-surface Redh ~ 250, (b) dry-surface Redh ~ 350. 
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(c) 
Figure 2.7 Steady-state amount of retention on the tested heat exchangers as a function of 
air-side Reynolds number. All displayed data were obtained under conditions: Ta,in = 
23.9 °C, Tc,in = 4.4 °C, DPup = 18.3 °C; (a) slit-fin specimens, cm = 0.056 kg/s; (b) & (c) 
plain-fin specimens, cm =0.167 kg/s. 
 
 
Figure 2.8 Relatively uniform droplet growths on surfaces after hydrophobic coating 
(specimen 8 and 12)  
42


0
0.005
0.01
0.015
0.02
0.025
0.03
0 50 100 150 200 250 300 350 400
Sp. 1, θ
Α
 ~ 30o
Sp. 2, θ
A
 ~ 50o
Sp. 3, θ
A
 ~ 110o
Sp. 4, untreated
j
Re
dh
 
(a) 
0
0.05
0.1
0.15
0.2
0.25
0.3
0 50 100 150 200 250 300 350 400
Sp. 1, θ
A
 ~ 30o
Sp. 2, θ
A
 ~ 50o
Sp. 3, θ
A
 ~ 110o
Sp. 4, untreated
f
Re
dh
 
(b) 
Figure 2.9 Wet-condition thermal-hydraulic performance for group 1 specimens (slit fin, 
Fs = 1.1 mm) 
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(b) 
Figure 2.10 Wet-condition thermal-hydraulic performance for group 2 specimens (plain 
fin, Fs = 2.0 mm) 
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(b) 
Figure 2.11 Wet-condition thermal-hydraulic performance for group 3 specimens (plain 
fin, Fs = 5.2 mm 
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Table 2.1 Geometric and wettability description of the tested heat exchangers 
Specimen Fin type Fs / mm 
Wettability 
Surface treatment 
θA / deg θR / deg 
1 
2 
3 
4 
Slit 1.1 
30 
50 
110 
85 
0 
0 
0 
42 
Plasma treating 
Plasma treating 
Plasma treating 
Bare aluminum 
5 
6 
7 
8 
Plain 2.0 
0 
102 
85 
116 
0 
22 
42 
66 
Hydrophilic polymer sealer 
Hydrophilic polymer sealer 
Bare clean aluminum 
Hydrophobic polymer sealer 
9 
10 
11 
12 
Plain 5.2 
0 
102 
85 
116 
0 
22 
42 
66 
Hydrophilic polymer sealer 
Hydrophilic polymer sealer 
Bare clean aluminum 
Hydrophobic polymer sealer 
 
 
Table 2.2 Test conditions 
  Dry operation Wet operation 
Air 
Inlet dry bulb temperature (ºC) 
Inlet relative humidity
 
Frontal air velocity (m/s) 
23.9 
32% 
2.5 ~ 5.0 
23.9 
71% 
1.6 ~ 5.0 
Coolant Inlet temperature (ºC) 
Flow rate (kg/h) 
8.9 
196 ~ 492 
4.4 
114 ~ 602 
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Table 2.3 Uncertainties in measured data 
 Uncertainty Measuring Device 
Ta 
Tc 
cm  
RH 
∆PHX 
∆Pnozzle 
±  0.1 °C 
±  0.03 °C 
±  0.1 % 
±  0.2 °C 
±  0.2 Pa 
±  0.1 Pa 
thermocouple grids 
immersion RTD’s 
Coriolis effect flow meter 
chilled-mirror hydrometers 
electronic pressure transducer 
electronic pressure transducer 
 
 
 
Table 2.4 Wettability impact on steady-state condensate retention (compared to baseline) 
Group 1: Fs = 1.1 mm Group 2: Fs = 2.0 mm Group 3: Fs = 5.2 mm 
Sp. 1, θA ~ 30° 
Sp. 2, θA ~ 30° 
Sp. 3, θA ~ 110° 
Sp. 4, untreated 
- 43.5% 
- 32.2% 
+ 6.9% 
- 
Sp. 5, complete wetting 
Sp. 6, hydrophilic 
Sp. 7, clean aluminum 
Sp. 8, hydrophobic 
- 32.4% 
- 22.0% 
- 
- 8.6% 
Sp. 9, complete wetting 
Sp. 10, hydrophilic 
Sp. 11, clean aluminum 
Sp. 12, hydrophobic 
- 35.3% 
- 17.0% 
- 
- 2.3% 
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Table 2.5 Wettability impact on air-side heat transfer performance (compared to baseline) 
Group 1: Fs = 1.1 mm Group 2: Fs = 2.0 mm Group 3: Fs = 5.2 mm 
Sp. 1, θA ~ 30° 
Sp. 2, θA ~ 30° 
Sp. 3, θA ~ 110° 
Sp. 4, untreated 
- 9.9% 
- 9.4% 
- 8.1% 
- 
Sp. 5, complete wetting 
Sp. 6, hydrophilic 
Sp. 7, clean aluminum 
Sp. 8, hydrophobic 
- 4.2% 
- 9.7% 
- 
- 27.4% 
Sp. 9, complete wetting 
Sp. 10, hydrophilic 
Sp. 11, clean aluminum 
Sp. 12, hydrophobic 
- 14.8% 
- 15.5% 
- 
- 7.9% 
 
 
 
Table 2.6 Wettability impact on friction factors (compared to baseline) 
Group 1: Fs = 1.1 mm Group 2: Fs = 2.0 mm Group 3: Fs = 5.2 mm 
Sp. 1, θA ~ 30° 
Sp. 2, θA ~ 30° 
Sp. 3, θA ~ 110° 
Sp. 4, untreated 
- 38.3% 
- 49.3% 
+ 41.4% 
- 
Sp. 5, complete wetting 
Sp. 6, hydrophilic 
Sp. 7, clean aluminum 
Sp. 8, hydrophobic 
- 19.3% 
- 19.9% 
- 
- 0.1% 
Sp. 9, complete wetting 
Sp. 10, hydrophilic 
Sp. 11, clean aluminum 
Sp. 12, hydrophobic 
- 11.2%* 
- 18.1%* 
- 
- 7.6% 
*
 These two numbers should be higher considering the dry f factors for specimens 9 and 
10 are larger than the other two, as shown in Figure 2.5. 
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CHAPTER 3 
CONDENSATE RETENTION ON HYDROPHILIC HEAT 
EXCHANGERS: MODELING 
 
            Based on an assumption of filmwise condensation, a new model for predicting the 
mass of retained condensate on hydrophilic heat exchangers is described and compared to 
the steady-state retention data presented in Chapter 2. The amount of retention is found to 
depend on the air-side Reynolds number (Redh) and rate of latent heat transfer (Ql). The 
model is successful in predicting retained condensate over a wide range of tested 
conditions. The potential of this new approach and possible refinements that will add 
engineering value are discussed. 
 
3.1  Condensate Retention Modeling 
            When the condensation of water occurs on a hydrophilic surface, it takes a 
filmwise mode rather than the dropwise mode observed on hydrophobic heat-transfer 
surfaces. Therefore, the droplet-based approach of the previous retention modeling work 
is of dubious validity for heat exchangers with good wettability, because the force-
balance approach with an empirical basis for droplet size distribution (Korte and Jacobi 
2001, El Sherbini and Jacobi 2006) does not capture the basic physics of the filmwise 
mode. A mechanistic model of condensate retention in the filmwise mode might shed 
light on the heat transfer mechanisms and could provide insight into the influence of 
surface temperature, air face velocity, on heat transfer rate and retention. A film-based 
model is therefore desired for predicting retention on these hydrophilic heat exchangers. 
            In order to develop a model of the condensate mass retained on the heat 
exchanger surface, we begin by considering a thin, continuous film of condensate 
retained on the fins and adopt the following assumptions: (1) the condensate film spreads 
out on all fin surfaces and remains stable and unbroken; (2) the fins are too far apart for 
inter-fin condensate bridging to occur. Later we will discuss the possible refinements and 
modifications to the model that might be useful in relaxing these restrictions.  
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            Consider laminar film condensation occurring on one single vertical fin as 
described in Figure 3.1. The fin is surrounded by a mixture of air and water vapor with a 
forced gas flow orthogonal to gravity. The fin surface is maintained at a constant 
temperature which is below the saturation temperature of the moist air, and at a steady 
state a constant-density liquid film forms and drains by gravity and liquid-vapor shear. 
Under these assumptions, 
                                             
( , )
T
l A
M x y dAρ δ= ∫
 
 
In Eq. (3.1), M is the total mass of retained condensate on the heat exchanger, ρl is the 
mass density of liquid water, and δ(x,y) is the condensate film thickness. The integration 
is performed over the entire surface area of the heat exchanger (AT), which is the 
summation of the fin area and tube area. It should be noted that an expression for δ(x,y) 
will be developed for the vertical fin and applied over AT.  As such, the tube surface is not 
distinguished from fin surface for condensate evaluation. Because the tube area is usually 
a small portion of the total, this approximation does not have a large impact on the final 
result. 
            The model is now pursued by developing an expression for film thickness 
function δ(x,y), which has been of classical interest in heat transfer. Pioneering work was 
reported by Nusselt (1916), who considered the simple case of pure-vapor condensation 
on a vertical surface with viscous forces balancing gravity (no shear at the liquid-vapor 
interface). When a non-condensable gas is present (air in this case), the solution is usually 
pursued using two-phase boundary layer equations for momentum, energy, and species. 
Koh and coworkers obtained similarity solutions for the two-phase boundary layer 
equations on a vertical surface under free convection alone (Koh et al. 1961) and forced 
convection alone (Koh 1962), and others used approximate or numerical methods (Jacobs 
1966, Fujii and Uehara 1972, Mendez et al. 2000). Unfortunately, a simple similarity 
solution does not exist in combined convection (forced and free convection), because a 
single similarity transformation cannot capture the x, y and z dependence. Approximate 
methods are usually less amenable to generalization, and the expense of a numerical 
approach might vitiate its utility. 
(3.1)
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           Because an analytical approach is preferred, and because a simple solution does 
not exist for combined convection, the limiting conditions of no air flow (Redh→0) and an 
infinite air velocity (Redh→∞) will be used as asymptotic solutions and Churchill’s 
method (Churchill and Usagi 1972) will be used to interpolate between these limiting 
cases. In this way, a relatively simple and general analytical expression for δ(x,y) will be 
developed for the mixed-convection case. 
 
3.1.1 High Reynolds Number Limit 
            When the air-side Reynolds number is very large, a balance between viscous 
forces in the liquid film and shear at the liquid-vapor interface prevails, and drainage by 
gravity can be neglected. The problem becomes a laminar film condensation under forced 
convection as shown schematically in Figure 3.2, and the film thickness δ(y) increases 
along with the direction of incoming flow. 
            At low mass-transfer rates, mass conservation for the liquid film can be written as: 
                                            
( )
0
( )( , ) ( )( ( ))
y
l m sat i
fg
d q y
u y z dz h y T
dy h
δ
ρ ρ ρ
∞
= − =∫  
In Eq. (3.2), u(y,z) is the y-velocity distribution in the liquid layer, hm(y) is the mass 
transfer coefficient, ρ∞ and ρsat(Ti) are the water vapor density in the air flow and at 
saturation conditions at the interface, q(y) is the local latent heat transfer, and hfg is the 
heat of condensation. With Nusselt’s assumptions (Nusselt 1916), that the effects of both 
energy convection and fluid acceleration within the condensate layer can be neglected, 
the momentum balance for the liquid layer can be written as: 
                                            
2
2 0
u
z
∂
=
∂
 
The boundary conditions that must be satisfied by Eq. (3.3) are: 
                                            0, 0z u= =  
                                            ( ), ( ) l
u
z y y
z
δ τ µ ∂= =
∂
                                                  (3.4b) 
(3.2)
(3.3)
(3.4 )a
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Because the liquid film is assumed to be very thin, it is reasonable to assume that the 
airflow imparts shear on a flat surface, through a laminar boundary layer (again, 
assuming a low mass transfer rate), thus 
                                                                  
1/ 2
( ) 0.332
w
Uy U
y
ρµ
τ τ ∞
∞
 
≈ =  
 
 
Eq. (3.5) is from similarity solution for air flow over a flat plate, and ρ and µ  without 
subscript are the properties of incoming air, which is a mixture of air and water vapor. 
        From Eq. (3.3) and its boundary conditions, the velocity distribution in the liquid 
u(y,z) is determined to be: 
                                            
1/ 2
0.332( , )
l
U U
u y z z
y
ρµ
µ
∞ ∞
 
=  
 
 
With Eq. (3.6), the integral of Eq. (3.2) can be evaluated. After rearranging, the film 
thickness is found to be 
                                            
1/ 2
3/ 2 1/ 2
3/ 4
2 3/ 2 3/ 4
4 ( )( )
0.332 Re
l h
l fg dh
D q yy y
h
µ ρδ
ρ µ σ
 
=  
  
 
In Eq. (3.7) the air-side Reynolds number (Redh) and surface ratio (σ) are defined as: 
                                            
maxRe hdh
D Uρ
µ
=  
                                            
min
maxfront
A U
A U
σ = =
 
In order to obtain the mass retention on entire heat-transfer surface, we integrate both 
sides of Eq. (3.7) over the heat exchanger core depth Hf (i.e. along with the direction of 
air flow). Noting 
                                            
0
1 ( )
fH
l T
f
M A y dy
H
ρ δ= ∫    
                                            
0
1 ( )
fH
l T
f
Q A q y dy
H
= ∫  
(3.5)
(3.6)
(3.7)
(3.8)
(3.10 )a
(3.9)
(3.10 )b
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and that δ(y) and q(y) are both power-law functions of y, the result of integration is 
obtained to be 
                                            
1/ 2 3/ 4
1 / Rel dhM C Q=  
                                            
( )
1/ 2
3/ 4
1 2 3/ 2
22
3 0.332
l l T
f h
fg
AC H D
h
µ ρ ρ
µ σ
 
= ⋅   
 
 
In Eq. (3.11), C1 is a function of the liquid-vapor properties and geometrical parameters 
of the heat exchanger; however, for a specified geometry, the property changes are very 
small over the range of air-cooling conditions motivating this work. Therefore, for 
simplicity, C1 is treated as a constant in subsequent calculations. 
 
3.1.2 Low Reynolds Number Limit 
            As Redh→0, air flow vanishes and a balance between viscous forces in the liquid 
layer and gravity prevails. Liquid-vapor shear is neglected, and the condensate is 
removed by gravity. This problem is classical laminar film condensation and film 
thickness δ(x) will only increase in the direction of gravity (x). An analysis similar to that 
of the previous section gives the following result (provided without elaboration): 
                                            
1/3
2 lM C Q=  
                                            
( )
1/3
1/32
2 0.8 3l l f T
fg
C L A
gh
µ ρ 
=   
 
 
Again, C2 is considered as a constant. (Note C1 and C2 are not dimensionless.) 
 
3.1.3 Interpolation Using Churchill’s Method 
            Mass retention for intermediate Reynolds numbers is found by interpolating 
between the limiting the cases given in Eq. (3.11a) and (3.12a) using Churchill’s method 
(Churchill and Usagi 1972) and the final expression is obtained to be: 
(3.11 )a
(3.12 )a
(3.11 )b
(3.12 )b
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1
1/ 6 3/ 4
1/ 2 3/ 4 1
1
2
ReRe 1
n n
l dh
l dh
C QM C Q
C
−
−
−
  
 = +  
   
 
Although the constants C1 and C2 are derived (Eqns 3.11b and 3.12b), the model will be 
closed by allowing them to be determined from experimental data, along with n. 
 
3.2  Comparison with Measured Retention Data 
            In order to compare experimental retention results with the prediction achieved 
from Eqn. (3.13), the mass retention data in the steady-state region of the real-time 
retention measurement (please refer to Chapter 2 for details) were averaged for each 
individual experiment to provide steady-state mass retention data for different specimens 
over a range of air and coolant temperatures, flow rates, and humidity. Generally, the 
amount of condensate retained on the heat exchanger is influenced by various parameters. 
For example, mass retention was found to increase as the air-side Reynolds number 
decreases, the relative humidity increases, the coolant temperature decreases, and the 
coolant mass flow rate increases. These dependence complicates the presentation and 
evaluation of the retention data. However, the physical modeling (Eqn. (3.13) simply 
suggests that all the parameters can be combined into two groups (air-side Reynolds 
number Redh and latent heat transfer rate Ql). 
            With the hope of further clarifying the trends in the data, the steady-state retention 
data in Figure 3.3 are provided for cases with similar Ql (Data from Specimen Group 1: 
round-tube slit-fin heat exchangers, specimens 1- 4. Please refer to Table 2.1 for detailed 
description). The figure shows that, for heat exchangers with similar latent heat transfer 
rate, mass retention decreases with air-side Reynolds number. It can also be shown that 
with similar air-side Reynolds number, mass retention increases with the amount of latent 
heat transfer Ql (Figure 3.4). These results and the success of using an M/AT dependence 
on Ql in plotting the data are easily explained by referring to Eq. (3.7), which is 
developed from the filmwise condensation model. At a fixed Redh, increasing the heat 
flux (say by lowering the coolant circulating temperature) will increase the film 
thickness, which in turn increases retention. On the contrary, a higher air-side Reynolds 
(3.13)
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number increases shear at the liquid-vapor interface, causing an increased flow of the 
condensate film toward the exit face of the heat exchanger and a decrease in retention. 
            The observed fact that mass retention is a function of air-side Reynolds number 
and latent heat transfer supports the modeling procedure (Eq. (3.11a) and (13.12a)). With 
the retention behavior formulated for the limiting cases of very small and very large air-
side Reynolds number, the retention data were correlated using Eq. (3.13) and parameters 
C1, C2, and n were found to minimize the least-squared error (Table 3.1). If applied to the 
entire data set, C1=2.17, C2=0.51, n=0.339, and the RMS deviation becomes 26.7%. The 
resulting predictions of retained condensate are compared to the experimental results in 
Figure 3.5. The figure shows that Eq. (3.13) works well for predicting the mass retention 
on the tested heat exchangers under most conditions. Figure 3.5 also shows that the 
model does a better job for specimen 1 (θA~30°) and specimen 2 (θA~50°) compared to 
the other two specimens. The RMS deviation of the modeled retention from the 
experimental measurements was 12.5% for specimens 1 and 2, but it was 15.8% for 
specimens 3 and 4. It should be anticipated that the model is more successful for 
specimens that are hydrophilic, because it is based on an assumed filmwise condensation, 
and these results are congruent with that expectation. 
 
3.3  Discussion 
            This new model differs fundamentally from earlier attempts to predict condensate 
retention in air-cooling applications in that it relies on an important simplification in 
constructing the relationship M = f(Redh, Ql) of Eq. (3.13). A continuous, stable film of 
condensate on each fin surface was assumed to exist. Certainly, the tubes and slits (if they 
exist) on the fin surface interrupt the water film. Moreover, this model does not account 
for inter-fin bridging effects, and for heat exchangers with small fin spacing the retained 
condensate might form bridges. This model is expected to work best for plain-fin, 
hydrophilic heat exchangers with a large fin spacing; nevertheless, it has been 
demonstrated to provide predictions with engineering value for more complex fins at a 
relatively tight fin spacing (Figure 3.5). 
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            Clearly, this simple filmwise model does not capture the complex physics of 
retention on some of these heat exchangers, because the condensate dynamics are known 
to include droplet and bridge formation on untreated, aluminum heat exchangers with 
small fin spacing. The relative success of the model, these complexities notwithstanding, 
probably implies that Eq. (3.13) somehow does embody the salient features of the 
physics. It is believed that the results as given in Figs. 3.3 and 3.4, and that the trends of 
those data can be explained through Eq. (3.13), strongly suggest that the Redh and Ql 
dependence of M is the most important dependence. By isolating their effects as in Eq. 
(3.13), we might think of Redh as providing for drainage, while Ql provides for 
deposition. 
 
3.4  Summary 
            Based on a laminar filmwise condensation analysis, a model for predicting the 
mass of retained condensate on hydrophilic heat exchangers was presented in this 
chapter. The model was successful in predicting the magnitude and trends of condensate 
retention for the heat exchanger specimens over a wide range of tested conditions. The 
experimental results also validated that mass retention on a heat exchanger increases with 
latent heat transfer rate and decreases with air-side Reynolds number. The current model 
is restricted by the assumption of continuous and stable laminar film condensation on the 
fin surface. It also neglects all of the effects of inter-fin interactions. Nevertheless, the 
model gives predictions with engineering value and could be used for evaluating the 
condensate retained on a heat exchanger with the latent heat transfer estimated. Future 
refinements of this modeling could involve the tube effects and consider condensate 
bridging impact. 
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3.5 Figures and Tables 

 
Figure 3.1 Problem description: laminar film condensation on a vertical fin 
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Figure 3.2 Film condensation under forced convection 
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Figure 3.3 With similar latent heat transfer Ql/AT ~ 115 W/m2, mass retention decreases 
with air-side Reynolds number (least-squared-error power law fits to data shown to 
enhance readability) 
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Figure 3.4 With similar air-side Reynolds number Redh ~ 275, mass retention increases 
with the amount of latent heat transfer (least-squared-error power law fits to the data 
shown to enhance readability). 
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Figure 3.5 The retained condensate mass retention predicted by the model compared to 
experimental data. The lines indicate ±20% from experiments, and the RMS deviation of 
the predictions from the experiments is 14.6%. 
 
 
Table 3.1 Constants for Eqn. (3.13) (round-tube, slit-fin heat exchangers) 
Specimen C1 C2 n 
1 
2 
3 
4 
4.67 
4.14 
4.94 
1.08 
0.03 
0.11 
0.42 
0.57 
0.566 
0.367 
0.309 
0.579 
 
 
 
 
 
Round-tube, slit-fin 
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CHAPTER 4 
A SURFACE EMBOSSING TECHNIQUE TO CREATE MICRO-
GROOVES ON ALUMINUM FIN STOCK FOR DRAINAGE 
ENHANCEMENT 
 
            Recent advances using a surface-embossing technique make it possible to 
inexpensively impart micro-scale surface features on heat exchanger construction 
material, which can be exploited to reduce condensate retention. Reported in this chapter 
is a study of wetting behavior and drainage performance on a series of embossed surfaces 
with different micro-groove dimensions. Static contact angles, critical sliding angles, 
droplet aspect ratios, etc. are reported with detailed surface topographical information. It 
is shown that unless the spacing between grooves is very large (>100µm), the parallel-
grooved surface feature normally increases the apparent contact angle of a droplet on the 
surface. The micro-groove structure causes an anisotropic wetting behavior of the 
droplets, and apparent contact angles measured by viewing along with the micro-grooves 
(θ┴) were found to be larger than those measured from the other direction (θ//) (by 
viewing perpendicular to the grooves). A consistent reduction of critical sliding angle 
was observed on surfaces after embossing (the micro-grooves are aligned to be parallel 
with gravity). This reduction may be due to contact line discontinuities and contact-line 
pinning induced by groove structure of the surface. Water droplets exhibit an elongated 
shape along the micro-grooves, which is in contrast to the nearly circular base contour 
observed on an isotropic surface. Smaller groove spacing, larger depth, and steeper 
sidewalls are observed to be favorable for drainage enhancement and recommended as 
design guidelines in the future. 
 
4.1  Experimental Methodology 
4.1.1 Surface Embossing Technique 
            A surface embossing technique was applied to produce micro-grooved aluminum 
fin stocks in a mass production manner. Embossing plates were first made from hard 
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rubber which was engraved with the desired roughness design by laser treatment (Figure 
4.1(a)). Pitches of the grooves and engraving depth can be adjusted. The scale of the 
design features is normally from tens to hundreds of microns and the shape of the 
grooves are usually triangular or trapezoidal. Such features could be easily manufactured 
on the rolling cylinders for mass production. In the current work, the embossing plates 
were simply pressed against fin stock, and the generated profile was successfully 
transferred onto the aluminum surface (Figure 4.1(b)). The micro-embossing experiments 
were conducted at ambient temperature, and the depth of the embossed grooves on fin 
surfaces was controlled by adjusting the embossing pressure. It was found that, 
depending on feature dimensions and aluminum sheet thickness, attempting to emboss 
above some pressure resulted in significant and unacceptable macroscopic distortions of 
the samples. Due to these limitations, the minimum channel width that was able to  
emboss was about 30µm, and the maximum depth that was achieved was around 15µm. 
Attempts to achieve sharp, narrow, deep grooves were undermined by shearing effects 
near the edge regions. The geometric limitations of these early trials notwithstanding, 
surface embossing was achieved – it is an inexpensive process, expected to enhance 
water drainage. 
 
4.1.2 Surface Wettability Evaluation 
            The contact angle of sessile water droplets was first measured on horizontal 
embossed surfaces for wettability characterization. A series of rectangular plates (35 × 35 
mm
2) were cut from aluminum foils embossed by different engraved plates and tested. 
Prior to the experiments, surface samples were cleaned for 10 minutes with acetone in an 
ultrasonic bath, followed by a thorough rinse with distilled water in ultrasonic bath for 10 
minutes, and then dried with compressed air. Water droplets placed onto these surfaces 
were photographed using a KAPPA DX 10-1394a high-resolution CCD camera 
(magnification up to 25×). Standard image analysis software was then used to process the 
images and determine the contact angles. The critical inclination angle for water droplets 
to slide on these surfaces was determined by capturing images of droplets at the point of 
incipient motion on an inclined surface. As shown in Figure 4.2, a tilt-table assembly 
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with an extendable lever arm that permitted continuous inclination of the surface from 
horizontal was used for this measurement (Please refer to Appendix A for details). A 
droplet was first placed on the test surface in the horizontal position using a micro-
syringe, and the plate was then slowly tilted (in this setup the micro-grooves on the 
surface were aligned parallel to gravity) until imminent droplet motion. Multiple 
independent measurements were recorded for each droplet volume which permitted the 
contact angle and critical sliding angle to be checked for consistency. Uncertainty in the 
measured contact angle was approximately 4° and the uncertainty in the critical 
inclination angle was about 3° for droplets with small volume ( 40dropV Lµ≤ ), and only 1° 
for larger ones. 
 
4.2  Results and Discussion 
            A total number of 7 embossed aluminum surfaces (by different engraved plates 
and embossing pressure) were tested in this study, as well as the original aluminum foil. 
The SEM image shown in Figure 4.3(a) reveals the typical surface morphology of these 
surfaces after embossing. Quantitative measurements of the surface geometry were 
obtained with a Tencor Alpha-Step 200 Profilometer. As shown in Figure 4.3(b), the 
cross section of aluminum foil after embossing shows a sinusoidal shape, and the 
dimensions are not as precisely controlled as with specimens created with cleanroom 
processing. Detailed information for channel spacing, depth, as well as the channel 
sidewall angle for each surface specimen is provided in Table 4.1. These embossed 
surfaces normally have groove spacing from 50 ~ 200µm, and depth on the order of 10µm, 
depending on the embossing plate design and exerted pressure. As given in Table 4.1 the 
sidewall angles of these micro-grooves are very small (<20°), which indicates that these 
micro-grooves are very shallow, with their depth much smaller than the channel spacing. 
In the following sections, all tested surfaces will be referred to by their numbers as listed 
in Table 4.1. 
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4.2.1 Apparent Contact Angles 
            Results for the apparent contact angles of water droplets placed on horizontal 
embossed surfaces and baseline aluminum are listed in Table 4.1, where θ┴ represents the 
measured contact angle when camera is viewing the droplet along the direction of micro-
grooves (grooves are going in and out of the captured droplet image), and θ// denotes the 
contact angles measured in the other direction (grooves go left to right on a captured 
image). For surface 1 (original aluminum foil) there are no micro-grooves, and data for 
θ┴ and θ// are collected in a similar way, from two orthogonal directions of a water 
droplet. It can be seen that micro-groove features on aluminum fin surfaces induce an 
increase in apparent contact angle for surfaces 2-7, and a slight impact on surface 8 
(within experimental uncertainties). Because the embossed micro-grooves are very 
shallow, their effects on contact angles are not as prominent as for etched surfaces with 
steep walls. The anisotropy in roughness causes an anisotropic wetting behavior of the 
droplets sitting on the embossed surfaces, and apparent contact angles that are measured 
along with the micro-grooves (θ┴) are always larger than those measured from the other 
direction (θ//). On the other hand, the apparent contact angle of a droplet is almost 
uniform along the contact line for an un-embossed aluminum foil. This difference in θ┴ 
and θ//, caused by parallel-grooved or corrugated roughness, has also been observed by 
other researchers on various surface materials (Zhao et al. 2007, Chung et al. 2007, Chen 
et al. 2005, Kusumaatmaja et al. 2008, Schonhorn 1987, etc.). It is widely accepted that 
this increase in θ┴ is caused by the “squeezing” of a droplet by the grooves due to the 
contact line pinning on the edge of the surface features, which will be discussed in more 
detail in the next section. 
            Surface ratios (r and Φ) for the models of Wenzel and Cassie are calculated using 
geometrical details provided by the profilometer measurements. It should be noted that 
these are still very rough estimations, because the calculation only followed the 
topographical data as shown in Figure 4.3(b) and any other information including grain 
roughness, oxide structure, etc. was not considered. Also, the Cassie surface ratio (Φ) 
was calculated for the condition that a water droplet sitting completely above the surface 
features, which is of course not always the real wetted area. Therefore, apparent contact 
angle predictions from Equations (1.2) and (1.3) (the contact angle value measured on an 
63


original aluminum foil was used as the equilibrium contact angle on a plain surface, θe 
~60.1°) are provided in Figure 4.4, only for qualitative comparison with the experimental 
measurements. Because the micro-grooves are all shallow, the values of r in Equation 
(1.2) are very close to 1 (only 1-2% increase of the wetting area). Therefore, as shown in 
Figure 4.4, contact angle predicted from Wenzel’s model (with r~1.02) appears to be 
very close to the contact angle observed on original aluminum surfaces. 
            As shown in Figure 4.4, measured contact angles on these embossed aluminum 
surfaces fall between the values predicted from the models of Wenzel and Cassie, and 
nearer to the predictions of Wenzel. This result is because the aluminum surface is 
intrinsically hydrophilic, and micro-features on the surface have large spacing and small 
depth. Therefore, it is easy for a water droplet to enter the grooves and wet the channel 
bottom. Notwithstanding the fact that a Cassie wetting behavior is very difficult to 
achieve on these surfaces, the created micro-roughness does play a role in 
“hydrophobizing” the aluminum substrate (except for surface 8). However, it is difficult 
to explain the observed increase in θ// data. According to most theoretical work, such an 
anisotropic surface geometry results in energy barriers between multiple metastable states, 
which cause less preference for liquid to spread perpendicularly to the surface 
undulations (Johnson and Dettre 1964a, 1964b). On the other hand, there should be no 
hysteresis due to the surface patterning in the parallel direction, and ideally θ// is expected 
to conform to the Wenzel’s prediction if the surface is intrinsically hydrophilic, as 
reported by Chung et al. (2007) and Kusumaatmaja et al. (2008). The author believes that 
the results may be due to the nature of the surface materials. Compared to the finely 
controlled silicon or polymer surfaces studied by other researchers, this aluminum fin 
material is very coarse in terms of surface roughness and heterogeneity. Such 
“engineering surfaces”, which are typical to those used in the motivating application, 
have intrinsically imperfections that lead to the uncertainty and hysteresis. 
            The surface 8 exhibits contact angles very close to that of the original aluminum 
foil, which is due to the design of its embossing plate (refer to Table 4.1 for dimensions). 
The roughness length scale on surface 8 is very large (~0.1mm) so that the Wenzel 
wetting mode prevails. It is also shown in Table 4.1 that for aluminum foils embossed 
with the same plate design, θ┴ normally increases with the embossing pressure, which 
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causes an increase in the embossed depth. This is probably because for similar groove 
spacing distances, a larger depth enhances the energy barriers required to be overcome 
for contact line motion.   
 
4.2.2 Critical Sliding Angles 
            The critical sliding angle, also called critical inclination angle, is perhaps the most 
meaningful criterion for evaluating the water drainage performance of surfaces. The 
critical sliding angle is the angle of an inclined surface on which a water droplet of 
specified mass/volume will start sliding. Generally, it is more convenient, straightforward, 
and physically meaningful, to evaluate the drainage performance of two different surfaces 
by comparing their critical sliding angles than by analyzing advancing and receding angle 
values. For both of the original aluminum foil and surface samples after embossing, 
critical sliding angle data are presented in Figure 4.5. For these data, the droplet volumes 
were determined from the micro-syringe (±0.25µL) used to place them on the surface. 
            As shown in Figure 4.5, a consistent reduction of critical sliding angle was 
observed on all embossed surfaces, which indicates that the parallel-grooved features on 
aluminum surfaces could assist in water removal (the grooves were aligned to the 
direction of gravity). The volume required for water droplets to start moving along an 
inclined surface reduced from about 10% to about 30%. This reduced droplet size is 
attributed to reduced retentive forces, which is probably due to the base contour shape of 
the droplets. As shown in Figure 4.6(b), the base contour shape of a droplet on an 
embossed surface is parallel sided. As a result, on the two sides of the droplet, surface 
tension forces are orthogonal to the direction of gravity, which results in no contribution 
to the overall retention of the droplet. On the other hand, the micro-grooved features on 
the surface also introduce certain degree of contact line discontinuities at both the 
advancing and receding fronts (especially when partial wetting occurs), which further 
reduces the overall retentive force of the droplet, helping to decease its retention 
mass/volume. Favored droplet sliding along the direction of surface textures have also 
been reported previously (Yoshimitsu et al. 2002, Zheng et al. 2007, Sommers and Jacobi 
2008). Additional information for advancing and receding contact angles for these 
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surfaces are provided in Table 4.2 (averaged data from 14 independent measurements). It 
can be seen that results for θA and θR (along with the grooves) do not have significant 
change after embossing, which confirms that the reduced sliding angles are primarily due 
to the shape of the droplets. 
            As discussed above, the parallel sided base contour shape of water droplets is 
caused by the strong anisotropic texture on the embossed surface. This anisotropy in 
surface topography plays an important role in developing an anisotropic wetting behavior. 
As discussed by Johnson and Dettre (1964a), an energy barrier has to be overcome for 
droplet contact line to move across a ridge on top of the surface. Therefore, this 
sometimes causes the contact line to be “pinned” at the sidewall of a groove. As a result, 
as water spreads perpendicular to the micro-grooves, the contact line advances in a stick-
slip manner periodically along the sinusoidal geometry. On the other hand, when the 
contact line motion is parallel to the groove direction, there is no energy barrier along the 
path. This distinction results in a preferential spreading of water droplet along the 
grooves rather than perpendicularly, displaying a shape elongated in the direction parallel 
to the grooves (Figure 4.6(b)), with a contact angle increase at the pinning location. This 
droplet shape was also observed when a surface is stretched, which means anisotropic 
forces can also result in droplet elongation and anisotropic wettability (Good et al. 1971). 
Droplet elongation behavior was observed on all embossed surface samples, and 
measurements of droplet aspect ratio (β=L/w) for 10µL volume droplets on vertical 
surfaces are given in Table 4.1. It can be seen that surfaces exhibiting larger aspect ratios 
for droplets normally have larger groove sidewall angles, which indicates that a steeper 
channel wall will assist the contact line pinning, and thus help to reduce the water 
retention. 
            Water management on heat transfer surfaces by surface roughness may be 
superior to chemical approaches under certain circumstances. The chemicals involved for 
surface hydrophobicity will require extra effort in the material processing and heat 
exchanger manufacture, and they often raises concerns regarding robustness and 
longevity under heating/cooling environmental conditions. From the heat transfer point of 
view, the chances of being in Wenzel’s state could be an advantage compared to the 
Cassie mode. A superhydrophobic surface is problematic for a heat exchanger because 
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the nucleation is delayed due to the water repellant surface characteristics. The droplets 
that have formed are also potentially vulnerable to detachment and evaporation. 
Therefore, a hydrophilic surface with directional tracks steering the droplet motion, can 
enhance the drainage performance while still maintaining a high rate of condensation and 
heat exchange. 
   
4.2.3 Surface Design Guidelines 
            As discussed above, there are two main contributors to the reduction in retentive 
forces for water droplets: 1) the contact line pinning behavior on the two sides of the 
droplet; 2) the contact line discontinuities at the advancing and receding fronts. Therefore, 
enhancing the contact line pinning effects is the first thing to consider for surface design 
optimization. It will be helpful to realize that, as a first approximation, the magnitudes of 
energy barriers are proportional to the height of the surface asperities, as well as the slope 
of the ridges, and approximately independent of their separation (Chung et al. 2007, 
Johnson and Dettre 1964a). Therefore, as a guideline for the surface feature design of an 
embossing plate, it is recommended that within the capabilities of current technology, the 
micro-grooves should be embossed to be as deep as possible, and the groove sidewall 
should be as steep as possible. It is better to make the groove cross-section more 
rectangular, instead of trapezoidal or triangular. In this way, the energy barrier between 
metastable states is elevated and thus it is much more difficult for water droplets to move 
across the micro-grooves. Because the current specimens have small sidewall angles it is 
sometimes observed that pinning of the contact line fails, and usually only fails on one 
side as shown in Figure 4.7. Another aspect of design is to enhance the contact line 
discontinuities along the solid-liquid phase boundary. This is obviously affected by the 
extent of partially wetting. Minimizing the possibility for water to enter the grooves and 
wet the valleys will decrease the solid fraction of droplet footprint. For this purpose, 
groove spacing should be minimized, and depth increased. 
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4.3  Conclusions 
            In this chapter, a surface embossing technique that can inexpensively impart 
micro-grooved topographical features on aluminum fin stock to enhance water drainage 
was introduced. Wetting behavior and drainage performance on a series of micro-
embossed surfaces with different groove dimensions was reported. It was found that the 
parallel groove surface features served to increase the apparent contact angle of water 
droplets placed onto the surface, unless the groove spacing was very large (>100µm). The 
micro-groove structure caused an anisotropic wetting behavior of the droplets, and 
apparent contact angles that were measured by viewing along the micro-grooves (θ┴) 
were always larger than those measured from the other direction (θ//). A consistent 
reduction of critical sliding angle was observed on these embossed surfaces (grooves 
were aligned to the direction of gravity), and explained in terms of contact line 
discontinuities and contact line pinning effects induced by groove structure on the surface. 
Water droplets exhibited an elongated shape along with the direction of micro-grooves, 
and this anisotropic wetting was attributed solely to the roughness anisotropy. These 
preliminary results show the promise of water drainage enhancement by economically 
changing fin surface morphology with micro-embossing. Smaller groove spacing, larger 
depth, and steeper groove sidewalls were observed to be favorable for drainage 
enhancement, and efforts to improve the micro-embossing effect should be in this 
direction. Although the changes in wettability and critical drop size achieved with micro-
embossing were not as large as the reported using cleanroom production methods, micro-
embossing hold promise as a method that can be economically implemented in mass 
production. 
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4.4  Figures and Tables 
  
 
                       (a)                                                                       (b) 
Figure 4.1 Three-dimensional surface morphology for: (a) designed embossing plate; (b) 
aluminum foil after micro-embossing. 
 
 
 
Figure 4.2 Apparatus for measuring the droplet critical sliding angles on a surface (See 
Appendix A for advancing and receding contact angle measurements) 
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(b) 
Figure 4.3 Typical surface configuration of embossed aluminum foils: (a) SEM image; (b) 
profilometer measurement (note different scales are used in x- and y-directions). 
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Figure 4.4 A comparison of experimental contact angle data to the apparent contact 
angles predicted using the models of Cassie and Wenzel. 
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Figure 4.5 Critical sliding angle reduction was observed on embossed aluminum surfaces 
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(b) 
Figure 4.6 Droplet shapes on (a) original flat aluminum foil; (b) micro-embossed 
aluminum surface (surface 8), Vdrop~ 10µL. 
 
 
 
Figure 4.7 Contact line pinning failure observed on an embossed aluminum surface 
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Table 4.1 Topographical and wettability data of the tested aluminum surfaces 
Surface 
# 
Embossed by 
plate 
Spacing 
(s1, s2)1 (µm) 
Depth 
(µm) 
Sidewall 
angle α (°) 
Cassie 
Φ 
Wenzel 
r 
Contact angle Aspect Ratio4 
β=L/w θ┴ (°)2 θ// (°)3 
1 
2 
3 
4 
5 
6 
7 
8 
Original foil 
Plate 1 
Plate 1 
Plate 2 
Plate 2 
Plate 3 
Plate 3 
Plate 4 
- 
41, 70 
46, 62 
67, 68 
60, 77 
60, 99 
67, 86 
128, 192 
- 
3 
4 
6 
8 
10 
9 
14 
- 
7 
11 
12 
15 
14 
17 
12 
- 
0.37 
0.43 
0.50 
0.44 
0.38 
0.44 
0.40 
- 
1.00 
1.01 
1.01 
1.02 
1.02 
1.02 
1.01 
60.1 
68.6 
69.4 
72.7 
76.8 
81.2 
83.6 
65.4 
59.5 
64.5 
65.4 
67.1 
73.5 
72.4 
75.2 
60.4 
1.00 
1.07 
1.14 
1.23 
1.33 
1.15 
1.24 
1.24 
1
 Please refer to Figure 4.3(b); 2 Viewing the droplet in the direction parallel to the microgrooves; 3 Viewing the droplet in a 
direction perpendicular to the microgrooves; 4 Please refer to Figure 4.6. 
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Table 4.2 Advancing and receding contact angle measurements 
Surface # Embossed by 
Advancing 
contact angle,  
θA (º) 
Receding 
contact angle, 
θR (º) 
Standard deviation 
SθA (º) SθR (º) 
1 
3 
5 
7 
8 
Original foil 
Plate 1 
Plate 2 
Plate 3 
Plate 4 
86.8 
84.3 
79.7 
84.0 
78.6 
45.8 
41.7 
35.8 
36.1 
39.3 
1.7 
1.5 
2.2 
2.2 
2.1 
1.5 
3.6 
3.3 
3.4 
4.0 
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CHAPTER 5 
CONCLUSIONS 
 
5.1 Summary of Results 
            The performance of heat exchangers with different configurations and distinct air-
side surface wettabilities (manipulated by modifying the surface chemistry and/or 
roughness) was studied. The effects of wettability were reported, and conventional 
methods were used to provide air-side j and f factors. The distinct performance between 
different heat exchangers was discussed, as well as how they respond to surface 
manipulation method. A link between retained condensate and thermal-hydraulic 
performance was established, and recommendations were made for improving energy 
efficiency of heat exchangers by appropriate employment of wettability manipulation. 
 
5.1.1  Wettabiliy Impact on Heat Exchanger Performance 
            Through full-scale wind-tunnel tests of specimens of identical geometry and 
differing surface wettability, it was observed that under the same operating conditions, 
hydrophilic heat exchangers retained less water than heat exchangers that are more 
hydrophobic, due to the more filmwise manner of retention and reduced possibility of 
bridging. The amount of condensate retention consistently decreased with increasing air 
flow rate, reflecting higher air-shear effects. No matter whether or not the heat exchanger 
was very compact, a complete wetting surface always served better than the baseline or 
hydrophobic surfaces for improving drainage performance. Even with fin spacing larger 
than 5 mm, the hydrophobic treatment tested in this study does not show superiority. 
Hydrophilic treatment caused slight degradation of heat transfer, due to the filmwise 
mode of condensation. The degradation was lager for specimens with wide fin spacing 
because benefits of dropwise condensation were more pronounced under conditions of 
little or no bridging. After applying a hydrophilic surface treatment, heat transfer 
performance of the heat exchanger was normally not strongly influenced, but pressure 
drop was more sensitive to the enhancement of surface wettability and can be 
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significantly reduced. This behavior can result in reduced fan power and reduced fan 
noise, or allow higher air-side velocities and an attendant increase in heat transfer at fixed 
pressure drop. Surface wettability holds promise for condensate management on heat 
exchangers similar to those studied, but its effect on pressure drop for specimens with 
wide fin spacing is not as much as for specimens with smaller fin spacing. 
 
5.1.2  Condensate Retention Prediction on Heat Exchangers 
            Based on a laminar filmwise condensation analysis, a model for predicting the 
mass of retained condensate on hydrophilic heat exchangers was presented. The model 
was successful in predicting the magnitude and trends of condensate retention for the heat 
exchanger specimens over a wide range of tested conditions. The experimental results 
also validated that mass retention on a heat exchanger increases with latent heat transfer 
rate and decreases with air-side Reynolds number. The current model is restricted by the 
assumption of continuous and stable laminar film condensation on the fin surface. It also 
neglects all of the effects of inter-fin interactions. Nevertheless, the model gives 
predictions with engineering value and could be used for evaluating the condensate 
retained on a heat exchanger with the latent heat transfer. Future refinements of this 
modeling could involve considering the tube effects and condensate bridging. 
 
5.1.3  Wettability Manipulation through Roughness Modification 
            A surface-embossing technique that can inexpensively impart micro-grooved 
topographical features on aluminum fin stock to enhance water drainage was introduced. 
Wetting behavior and drainage performance on a series of micro-embossed surfaces with 
different groove dimensions was reported. It was found that the parallel groove surface 
features serve to increase the apparent contact angle of water droplets placed onto the 
surface, unless the groove spacing is very large (> 100 µm). The micro-groove structure 
caused an anisotropic wetting behavior of the droplets, and apparent contact angles that 
were measured by viewing along the micro-grooves (θ┴) were always larger than those 
measured from the other direction (θ//). A consistent reduction of critical sliding angle 
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was observed on these embossed surfaces (grooves were aligned to the direction of 
gravity), and explained in terms of contact line discontinuities and contact line pinning 
effects induced by groove structure on the surface. Water droplets exhibited an elongated 
shape along with the direction of micro-grooves, and this anisotropic wetting was 
attributed solely to the roughness anisotropy. These preliminary results show the promise 
of water drainage enhancement by economically changing fin surface morphology with 
micro-embossing. Smaller groove spacing, larger depth, and steeper groove sidewalls 
were observed to be favorable for drainage enhancement, and efforts to improve the 
micro-embossing effect should be in this direction. Although the changes in wettability 
and critical drop size achieved with micro-embossing were not as large as the reported 
using cleanroom production methods, micro-embossing holds promise as a method that 
can be economically implemented in mass production. 
 
5.2 Future Research Recommendations 
            As our ability to engineer surfaces with chemical and morphological modification 
grows, future research should be conducted to exploit these technologies to improve fin 
design. By creating a special pattern of wettability, condensation could be controlled to 
start at specified location, or be directed for drainage along desired path. Even though 
making continuous wettability gradient on aluminum surface could be challenging, 
producing a non-uniformity or anisotropy in wetting may be realized. Controlled 
condensation visualization can be properly designed and conducted to help with the 
evaluation and improvement. 
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APPENDIX A 
WETTABILITY IMPACT ON THE RELIABILITY OF DYNAMIC 
DIP TESTING AS A METHOD TO ASSESS THE CONDENSATE 
DRAINAGE BEHAVIOR FROM THE AIR-SIDE SURFACE 
 
            For years dynamic dip testing has been working as a simple, fast, and easy 
method to assess the condensate drainage behavior for dehumidifying heat exchangers, 
because it was found that a heat exchanger holding more water in a dip test also tends to 
hold more condensate in a wind-tunnel experiment. This work addresses several issues 
which can affect the reliability of this method but have been previously overlooked. Dip-
test results as well as retention visualization for 22 heat exchanger specimens with 
different configurations and surface wettability are reported and discussed with relevant 
dip-test and wind-tunnel experimental data available in the literature. The data 
demonstrate that when dealing with round-tube heat exchangers with unusual wettability, 
dip test can sometimes give an evaluation which is counter to the results in the wind 
tunnel. In terms of surface wettability, receding contact angle (θR) is found to be the 
primary factor affecting a dip test, while the contact angle hysteresis (θA- θR) becomes 
more important in a condensing environment. It has also been observed that dip-test 
measurement is very sensitive to the “dipping rate”, or the speed at which a specimen is 
withdrawn from the water reservoir. The differences in condensation and drainage 
mechanisms between wind-tunnel experiments and dip-tests are elaborated in this paper, 
and a proper and effective use of dynamic dip testing is recommended.  
 
A.1  Introduction 
            The standard approach to quantify mass retention and investigate drainage 
behavior for a heat exchanger is to measure its weight and conduct visualization of the 
retained condensate on its surface while operating under wet-surface conditions in a 
wind-tunnel (as introduced in Chapter 2, also see Korte and Jacobi 2001), which is 
relatively expensive in terms of both time and equipment costs. Zhong et al. (2005) 
described an alternative method, called dynamic dip-testing, in which the heat exchanger 
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is submerged in a tank of water while suspended on an electronic mass balance; the water 
level in the tank will be suddenly reduced and the weight of the heat exchanger will be 
measured as a function of time. Dip testing is commonly used in industrial settings.  
            Compared to the wind-tunnel experiments, dip-testing approach is simple, 
inexpensive, and relatively fast. For the past 10 years it has been considered a highly 
reliable and valid method for assessing the condensate drainage behavior from the air-
side surface of various designs of heat exchangers. McLaughlin (1999) made the first 
effort to compare the retained water measured by their simple “dip test” to that measured 
in a wind-tunnel for their louver finned automotive evaporators. They weighed a dry heat 
exchanger, dipped it in a bucket of water, held it under water for 15 seconds and then 
removed it from the water. The heat exchanger was allowed to drain for 2 minutes in a 
vertical position, then a thin piece of aluminum strip was touched to the bottom of the 
heat exchanger to remove water clinging to the lower manifold and the wet heat 
exchanger is weighed again. The difference between these two weights was the amount 
of condensate retained, and it was found to be within 10% of that measured in a wind 
tunnel test. Therefore, McLaughlin and Webb believed that dip testing provided a good 
measure of the condensate retained in an evaporator during the wet performance test. 
Kaiser et al. (2003) studied the condensate drainage behavior for automotive heat 
exchangers using a dip testing apparatus based on a moving water-reservoir design. The 
results suggested an important finding that the heat exchangers retaining the most and 
least condensate in a steady state wind tunnel experiment likewise held the most and least 
in a dip test. They concluded that dynamic dip testing could be a powerful tool for 
assessing the condensate retention behavior of heat exchangers. Zhong and Jacobi (2003) 
presented an improved experimental technique for dynamic dip-testing, which is based on 
water-volume displacement design. In the same paper, a mathematical model based on 
gravity, surface tension and viscosity effects was proposed to predict the off-cycle 
drainage behavior of dehumidifying heat exchangers. They found that gravity dominates 
drainage in the round-tube geometry, but viscous effects become important in the flat-
tube louvered-fin heat exchangers. 
        The heretofore available wind-tunnel data in the literature suggest that condensate 
retention is largely determined by heat exchanger geometry, which has also been 
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validated by the dynamic dip testing results. Fin spacing and fin shape, louver geometry, 
as well as the construction and geometry of header design, all influence water retention in 
different ways (McLaughlin 1999, Joardar et al. 2004). Dip tests also show profound 
differences in the round-tube and flat-tube drainage behavior with very rapid drainage 
from the round-tube geometry, and a slower process for flat-tube heat exchangers (Zhong 
and Jacobi 2003). However, when investigating the effects of fin surface wettability on 
drainage behavior, dynamic dip testing does not always give information congruent with 
the wind-tunnel results. McLaughlin (1999) and Joardar et al. (2004) reported that for the 
automotive-type heat exchangers that they dip tested, hydrophilic surface coatings 
consistently decreased the water retention, while Liu and Jacobi (2006) observed an 
opposite behavior with a group of slit-fin-round-tube heat exchangers of identical 
geometry and different surface wettabilities. In the same paper, Liu and Jacobi (2006) 
also provided steady state wind tunnel retention data for these specimens, in direct 
contradiction with the dip test outcome. Therefore, unconventional wettability might 
invalidate retention assessment by dynamic dip testing. Moreover, Liu and Jacobi (2009) 
clearly showed that other than geometry and surface characteristics, the amount of 
retention on  heat exchanger in a wind-tunnel test varies significantly with operating 
conditions (relative humidity, air frontal velocity, etc.), as well as the history of 
condensation retention. Dip testing is conducted in quiescent surroundings, which does 
not have similar complications; however, it introduces another dominating issue, which is 
the speed at which a heat exchanger is removed from the water reservoir.   
            As a summary, dynamic dip testing has been found to be a reliable and valid 
approach for drainage assessment for conventional heat exchangers, but there is no 
guidance available from the literature as to when dip-testing might fail to provide 
dependable results. Therefore, the objective of this paper is to address issues, such as heat 
exchanger geometry, surface wettability, the withdrawal speed, and to give 
recommendations in terms of how to effectively use dynamic dip testing to accurately 
assess the condensate drainage behavior for dehumidifying heat exchangers. 
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A.2  Experimental Methods 
A.2.1 Description of Heat Exchanger Specimens 
            A total number of 22 heat exchangers (4 different groups) whose surfaces are 
treated and which manifest different wettabilities are tested in this study. The heat 
exchangers are shown schematically in Figure A.1, with a summary of geometric 
specifications provided in Table A.1. The first group of heat exchangers (Specimens 1-8) 
consisted of eight plain-fin-round-tube specimens with identical geometry as shown in 
Figure A.1(a). The first four (Specimens 1-4) have been treated to be hydrophilic↑; 
Specimen 5 is bare aluminum surface (neutral detergent cleaned); Specimens 6-8 have 
very low surface energy and exhibit a hydrophobic behavior, while Specimen 6 and 7 
were treated with hydrophobic coatings and Specimen 8 is an aluminum surface after oil 
contamination. Supplemental information for surface treatment is provided in Table A.2. 
The second group (Specimens 9-16) is identical to the first one in terms of heat 
exchanger configuration and surface wettability, except that is has a wider fin spacing of 
5.2 mm (the first group has fin spacing of 2.0 mm). The third group (Specimens 17-20) 
contains four slit-fin-round-tube heat exchangers with the same geometry as shown in 
Figure A.1(b). Specimens 17-19 have been treated to have different wettability and 
Specimen 20 has an untreated aluminum surface. It is notable that the surface for 
Specimen 19 has a large contact angle hysteresis (Table A.1). Even though it is difficult 
to be classified as hydrophilic or hydrophobic; we anticipated it would exhibit 
hydrophilic behavior during a dip test, because of its extremely small receding contact 
angle. The fourth group (Specimen 21 and 22) is two flat-tube louvered-fin heat 
exchangers. Their configuration is shown in Figure A.1(c), which is common to 
automotive applications. Specimen 21 has been coated to be completely wetting, while 
Specimen 22 has a bare aluminum surface. In the following sections the various heat 
exchangers will be referred to by their numbers as listed in Table A.1. 
 
↑
 Specimen 3 and specimen 11 are coated in a way that produces high static contact angles (see Table A.1), 
but once a water film is formed the film does not rupture. For this reason the coating is classified as 
“hydrophilic”. The specimens were observed to be completely wetted during dip tests. 
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A.2.2 Surface Wettability Evaluation 
            The advancing and receding contact angles (θA and θR) were employed to indicate 
the wettability of a surface. A series of aluminum plate panels (50mm×50mm square) 
with surface treatment identical to the heat exchanger specimens were tested for this 
purpose. Determination of the advancing and receding contact angles was accomplished 
by capturing images of droplets at the point of incipient motion on an inclined surface. As 
shown schematically in Figure A.2(a), the tilt-table assembly has an extendable lever arm 
which can allow continuous inclination of the surface from horizontal. A droplet 
(distilled water) was first placed on the test surface in the horizontal position using a 
micro-syringe, and the plate was then slowly tilted until imminent droplet motion was 
detected. A KAPPA DX 10-1394a high-resolution CCD camera (magnification up to 
25×) was used to record profile images of the droplets from a location in plane with the 
base. Standard image analysis software was used to process the images and determine the 
contact angles. Droplets in the range from 30µL to 85µL were injected onto the test 
surface and two independent measurements were recorded for each droplet volume. 
There are 16 measurements in total and the averaged θA and θR are used for the reported 
results. The maximum uncertainty in the measured contact angle was approximately ±7°.   
            Shown in Figure A.2(b) and (c) are example images of the observed advancing 
and receding contact angles on two coated surfaces. It should be noted that the 
magnification is different for these two pictures. It can be seen that even though the 
droplet in Figure A.2(b) is much smaller (Vdrop =30µL) than the droplet in FigureA.2(c) 
(Vdrop = 70µL), the inclination angle that is required for the droplet to start moving is 
relatively smaller. This clearly indicates that water is more easily shed from the surface in 
Figure A.2(b), compared to the one in Figure A.2(c). All averaged advancing and 
receding contact angles are listed together with the heat exchanger specification in Table 
A.1, and these values were found to be in agreement with the wettability description 
provided by the treatment suppliers. For the wettability information for bare aluminum 
surface and oil-contaminated aluminum surface refer to Kim et al. (2002), as well as Min 
and Webb (2001).  
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A.2.3 Dynamic Dip-Test Apparatus 
            Dynamic dip tests were conducted with the apparatus shown in Figure A.3. The 
apparatus consists of a large water reservoir, a smaller submerged air reservoir to control 
the submersion of specimens by displacement of water using compressed air, and a 
structure to suspend and weigh the heat exchanger. To start an experiment, the balance 
was turned on and zeroed after the test specimen was suspended over the reservoir. The 
displacement tank was filled with water, and the water level rose and submerged the test 
specimen. Once the specimen was submerged, the air supply was closed and an air vent 
was suddenly fully opened to allow water lever to drop quickly. This apparatus and 
relevant operating procedure are described in more detail by Zhong et al. (2005). As 
water drains from the specimen, the amount of water retained on the heat exchanger 
surface is recorded by a computer-based data acquisition system with a minimum 
recording interval of 0.1 second. The balance has a reported uncertainty of less than 0.1 
grams and multiple experiments were conducted to assess the repeatability of the data. In 
general, for the same heat exchanger specimen the experimental results were found to be 
within 5%. All of the results presented here pertain to a vertical orientation of the heat 
exchanger and are normalized with respect to total air-side heat transfer surface area of 
the specimen. 
 
A.3  Results and Discussion 
A.3.1 Effects of Surface Wettability and Heat-Exchanger Geometry 
            The results from dynamic dip testing for each specimen group are presented in 
Figure A.4, in the form of mass per unit air-side heat transfer area as a function of time. 
To clearly show the effects of surface wettability on drainage behavior only 4 specimens 
in group 1 and 2 are plotted in Figure A.4(a) and (b), which covers the most 
representative surface characterizations: completely wetting, moderate hydrophilic, bare 
aluminum surface as a baseline, and one of the most hydrophobic surfaces in the 
database. Corresponding specimens in (a) and (b) share the same surface treatment and 
descriptions, i.e. specimen 2 and specimen 10, specimen 3 and specimen 11, etc. have the 
same wettability. The first obvious finding is that water retention increases with surface 
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wettability for all round-tube heat exchangers (Figure A.4(a), (b), (c)), while decreases 
with surface wettability for flat-tube heat exchangers (Figure A.4(d)) (Please note that 
Figure A.4(d) has a different scale from (a), (b), (c), both in x and y axes). Figure A.4(d) 
agrees with previous observations by McLaughlin (1999) and Joardar et al. (2004) who 
also used automotive-type heat exchangers in their study, while none of them examined 
round-tube heat exchangers behavior with different surface wettabilities. It is clear from 
the results presented in Figure A.4 that enhanced wettability of a heat exchanger does not 
always reduce retention in a dip test; in fact, the effects of surface wettability depend on 
the heat exchanger geometry. 
            This different dependence of retention on surface wettability is caused by the 
substantially different drainage behavior in round-tube and flat-tube heat exchangers. A 
round-tube plate-fin configuration as shown in Figure A.1(a) provides a very open 
drainage path between adjacent fins, and water drains through the inter-fin space. The 
steady state retention (as t → ∞ ) on the heat exchanger is due to traces of water which 
take a form (droplets, rivulets, etc. ) dependent on surface wettability (of course when 
other conditions are identical, for example, surface inclination, surface friction factor, 
moving velocity of the water column, etc.). A heat exchanger with better surface 
wettability will retain more water than a relatively hydrophobic one. In a flat-tube 
louvered-fin heat exchanger, however, the effect of surface wetting ability becomes 
relatively unimportant because the drainage path is more tortuous. As one can see in 
Figure A.4(d), the flat-tube group shows water retention of approximately 150g/m2 after 
5 minutes drainage, while the round-tube group with the tightest fin spacing (Figure 
A.4(c)) retains 65g/m2 at most after the same amount of time. With a configuration 
similar to that shown in Figure A.1(c), folded fins will hold a substantial amount of 
water, which must pass through very small inter-louver gaps to drain from the heat 
exchanger. This explains why flat-tube heat exchangers generally hold much more water 
than the round-tube configurations. Also, because of the complexity of the drainage path, 
flat-tube heat exchangers normally manifest a slow and gradual drainage, showing a 
continuous retention decrease over a long period (Figure A.4(d)), in contrast to the fast 
shedding behavior of water in the first 30 seconds of drainage for round-tube heat 
93


exchangers. These different drainage behaviors have also been observed and discussed as 
“continuous-drainage pattern” and “steady-retention pattern” in Zhong et al. (2005). 
            Images of water retained on the heat exchanger surfaces were recorded after 
dynamic dip testing and some examples are shown in Figure A.5. Images (a) and (c) are 
from two specimens with the same surface coating that allows complete wetting of the 
surface, and images (b) and (d) are from the two heat exchangers who share the most 
hydrophobic surface treatment. As suggested by Figure A.5(a), there was very little water 
left on this very hydrophilic heat exchanger except near the bottom of the specimen, 
where water columns were retained due to capillary effect. These water columns, which 
were found to coalesce to form a single, large horizontal interface at the bottom of the 
heat exchanger, give rise to the steady-state retention. The overall mass of these water 
columns (m) can be roughly estimated by constructing a simple balance between surface 
tension and gravitational forces: 
                                            
2 cos R finsDN mgγ θ =  
where g is the gravitational acceleration; γ is the surface tension of water; θR is the 
receding contact angle; D and Nfins are the depth and total number of the fins, 
respectively. Taking θR as 0°, Equation (A.1) gives a prediction of 50m g= for specimen 
2, corresponding to 46 g/m2. This estimation agrees reasonably well with the 
experimental result reported in Figure A.4(a) of about 44g/m2. The prediction of Eq. 
(A.1) compared to the experimental retention results for all of the plain-fin round-tube 
heat exchangers are summarized in Fig A.6. As one can see, because of the assumptions 
based on which it was derived, Eq. (A.1) works well for hydrophilic specimens but 
significantly underestimate the retention for hydrophobic ones. 
            Shown in Figure A.5(c) is an image of retention on a heat exchanger specimen 
with the same super-hydrophilic surface as in (a) but a wider fin spacing. In this case, the 
fin spacing is so large that a continuous column of water cannot be sustained at the 
bottom of the heat exchanger. Instead, retained water at heat exchanger bottom breaks 
into single pendants at the bottom of each fin. These water pendants will continue 
dripping after they form, until their mass becomes small enough for surface tension 
forces to resist gravity. This explains why the dip test results for hydrophilic specimens 
( .1)A
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with larger fin spacing in Figure A.4(b) (specimen 10 and 11) exhibit a slower continuous 
drainage pattern in contrast to the sudden arrival of steady state pattern in Figure A.4(a) 
(specimen 2 and 3, drainage ceases at the instant the receding interface of the bulk fluid 
leaves the heat exchanger ( 0t ≈ )). In these two cases, however, steady state retention is 
almost equal because surface tension forces are the same as described in Equation (A.1). 
            Figure 5(b) and (d) make it clear that water retention on hydrophobic heat 
exchangers stays as droplets. The case is the same throughout whole fin surface including 
regions near its bottom, and no water accumulates as a column near the bottom of the 
specimen. As one can see in (b) and (d), droplets on these two heat exchangers have 
different sizes. Droplets that are left behind by the bulk motion of water in a dip test on 
specimen 14, whose fin spacing is wider, also turn out to be larger. In a dip test, a water 
column between two adjacent fins sweeps down the surfaces, the shape of the receding 
meniscus is determined by the receding contact angle of the surface. During this process, 
frictional as well as surface tension forces act in the vicinity of the contact lines. The 
moving contact line will become irregular due to surface imperfections or local non-
uniform wettability. This irregularity can result in a rupture of the interface, with water 
left behind as a droplet on the surface. The drop-size distribution depends on the shape of 
the receding interface, which clearly varies with contact angle and fin spacing, and the 
dynamics of the process. 
            Repeated experiments indicate that the heights of droplets that are left on the 
surface normally do not exceed half the fin spacing, and bridging is rarely observed. For 
this reason a 2.0-mm-fin-spacing heat exchanger might not always retain more water than 
a corresponding 5.2 mm fin spacing one. However, as we will discuss later, the situation 
is quite different during condensation in a wind-tunnel. The dynamic dip testing results in 
Figure A.4(b) also show a slightly slower drainage pattern for the specimens with wider 
fin spacing (specimen 13 and 14) compared to specimen 5 and 6 in Figure A.4(a). This is 
because sizes of the droplets that are left behind on the surface are also larger for 
specimens with wider fin spacing. These droplets are so large that, gravity can still cause 
them to move after the bulk fluid leaves the heat exchanger and therefore drainage 
process continues. In contrast, the droplets left behind are small on specimens with tight 
fin spacing, so that gravity is not able to overcome the surface tension forces and cause 
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any motion of the droplets. As a result, drainage essentially ceases at the instant the 
receding interface of the bulk fluid leaves the heat exchanger ( 0t ≈ ). 
          Steady-state retention results for all 22 heat exchanger specimens are summarized 
in Figure A.7, which clearly indicates that, for round-tube heat exchangers, the amount of 
water that is retained on heat exchanger surface after a dip test decreases with larger 
receding contact angles. For a hydrophilic heat exchanger, the receding contact angle 
decides the height of water columns that are clinging to the specimen bottom. For a 
hydrophobic one, the receding contact angle decides the shape of the receding meniscus: 
a smaller receding contact angle will lead to a longer and thinner meniscus, which can be 
more easily ruptured. Because water motion is relatively complicated in the flat-tube heat 
exchangers, receding contact angle may not be so important. Figure A.7 also shows that 
2.0 mm fin spacing group and 5.2 mm fin spacing group are holding comparable amount 
of water, which is in accordance with our expectations as discussed above. The slit-fin 
round-tube group retains more water than the plain fin groups and this is obviously 
because the slit cuts on fin surface tend to trap water during dip testing procedure. 
            Because dip testing is a dynamic process and the contact line moves along the fin 
surface, it would be more appropriate to interpret the retention results in Figure A.7 with 
dynamic receding contact angle of the surface. However, experimental results from many 
researchers show that dynamic contact angle is a function of the contact-line velocity. As 
shown in Figure A.8, where the velocity U is denoted to be positive when the contact line 
moves toward the liquid (advancing) and negative when the contact line moves away 
from the liquid (receding), it is always found that / 0Uθ∂ ∂ ≥  (Dussan 1979). Thus, the 
dynamic advancing contact angle increases with contact line speed, while the dynamic 
receding contact angle does the opposite. The extrapolated values of θ as U→ 0+ and U→ 
0- are static advancing and receding contact angles (θA and θR in Figure A.8). These are 
sometimes slightly different from experimental results that are reported exactly with 
0U = ( 'Aθ  and 'Rθ  in Figure A.8), which are measured at the incipient motion of contact 
line (Elliott and Riddiford 1967). Because dynamic receding contact angle is not only a 
property of a surface but also relies on the speed of contact line, static receding contact 
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angles that are measured at the incipient motion of droplets are used in this paper for 
surface characterization and data interpretation. 
 
A.3.2 Effect of Withdrawal Speed 
            Because of the dependence of dynamic receding contact angle on the velocity of 
contact line, the dropping velocity of water level, or the speed at which a specimen is 
removed from the water reservoir, affects the results. Two geometrically identical heat 
exchangers, one completely wetting and one hydrophobic, were dip tested with several 
different water dropping velocities and the results are presented in Figure A.9. In a 
normal dynamic dip test, the electronic balance is zeroed after a dry heat exchanger is 
suspended in the reservoir, then water level is raised until the specimen is fully 
submerged. After s short period of time, the water level begins to drop and data 
acquisition starts at that moment. At the moment the water level starts to drop, the weight 
recorded by the balance is negative (due to buoyancy). The recorded value increases 
gradually while the water level drops along the fin surfaces (curves in Figure A.9 only 
show the positive value). The moment that water level reaches the bottom of the heat 
exchanger corresponds to the maximum recorded weight (normally taken as 0t = ). At 
this point there is no buoyancy force but a surface tension force is still pulling down the 
heat exchanger. When the interface connecting the heat exchanger and the water in the 
reservoir breaks, the reading of the balance sharply decreases. As evident in Figure A.9, 
the time required for water level in the reservoir to arrive at the bottom of the heat 
exchanger is longer for tests with slower water dropping velocities. More importantly, it 
is clear this velocity plays a key role in the test – it significantly affects the results. The 
slower the water dropping velocity, the less retention is found, both for super-hydrophilic 
(a) and very hydrophobic (b) heat exchangers. The different water dropping velocities 
were controlled by adjusting the air vent which allows faster or slower movement for 
compressed air to leave the displacement tank, and dip-test results that are reported in the 
previous sections are all recorded under the largest water dropping velocity (~ 0.1m/s) 
that can be acquired with this apparatus setup. 
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            A summary of steady-state retention results with different water dropping 
velocities are presented in Figure A.10. For both heat exchanger specimens, water 
retention decreases significantly with decreasing water dropping velocity. This is in part 
because, as shown in Figure A.8, the dynamic receding contact angle increases with 
slower moving velocity of the contact line, and higher receding contact angle leads to 
reduced amount of water retention (Figure A.7). Moreover, when a water column 
between two adjacent fins is moving slowly, the contact line will be distorted less 
severely. Therefore, the possibility for it to break and leave behind droplets is reduced, 
and the droplets remaining will be small. The image shown in Figure A.11 supports this 
hypothesis, showing specimen 14 after a dip test with very slow water dropping velocity. 
As shown in the figure, only very small droplets are left on the fin surfaces, relative to 
those of Figure A.5(d), which are recorded for the same heat exchanger but with a fast 
water dropping motion. If a surface is perfectly smooth and uniform, both in wettability 
and roughness, an infinitesimally slow water motion will leave no water behind (See 
Figure A.10). Because even a small change in water velocity can lead to big differences 
in the retention measurement, it is important that when conducting dynamic dip testing 
experiments, especially if conducted by hand (common in industry), care should be taken 
to make sure the procedure is the same for every measurement. 
 
A.3.3 Dynamic Dip Testing vs. Wind-Tunnel Experiments 
            Real-time condensate retention measurements in wind-tunnel experiments were 
conducted for the slit-fin round-tube group of heat exchangers (See Chapter 2). Shown in 
Figure A.12(a) is one example set of the real-time retention results recorded during 
condensation experiments at a relatively slow frontal velocity (error bars show the 
experimental uncertainty of real-time retention measurements). Because there is no air 
flow in a dip test, it is most appropriate to compare them to wind tunnel experiments 
conducted at low face velocities. During a condensation experiment, as is evident in 
Figure A.12(a), mass retention starts at zero and condensate accumulates as time goes by, 
until it reaches a steady state when drainage rate is equal to the rate of water condensing 
onto the surface. Under the same test conditions, specimen 17 (θA~ 30°) and specimen 18 
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(θA~ 50°) exhibit similar drainage performance while specimen 19 (θA~ 110°) and 
specimen 20 (untreated aluminum surface) retain much more condensate. This result is 
clearly counter to the dynamic dip-test results that were reported in Figure A.4(c). When 
assessing drainage behavior for round-tube heat exchangers with unusual surface 
wettabilities, dynamic dip testing does not always provide information that is in 
accordance with the wind-tunnel condensation results. 
              The discrepancy between retention observed during dynamic dip testing and 
wind-tunnel experiments is mainly due to the distinctly different deposition and drainage 
mechanisms in these two experiments. For a very hydrophilic heat exchanger (e.g. 
specimen 17), water retention on its surface is more likely to take the form of a film, 
whether the water was deposited by dipping, or during condensation. Therefore, the 
amount of water retention should be similar for these two cases. The steady state 
retention result after dynamic dip testing for specimen 17 was shown to be approximately 
65g/m2 in Figure A.4(c), and wind-tunnel data with low air frontal velocity gives a very 
close outcome (shown to be 60g/m2 in Figure A.12(a))↑. For a hydrophobic heat 
exchanger, the situation is very different. During a dynamic dip test, the specimen is 
initially flooded with water, and the amount of water that is left behind by the dropping 
water columns is determined by the heat exchanger configuration, surface characteristics 
(roughness and wettability), and the dropping velocity of water level. Because of this 
contact line movement with bulk water motion, the receding contact angle is the only one 
that is important. Even if the surface has a very large contact angle hysteresis (θA-θR), it 
can exhibit a hydrophilic behavior in a dip test as long as the receding contact angle is 
small. However, during condensation process in a wind-tunnel, droplets nucleate and 
grow on fins. They stand up on surfaces and start to coalesce and bridge with each other. 
Bridging is rarely observed in a dip test, but it is almost inevitable in a condensing 
environment unless the fin spacing is very large. A small trial was undertaken using the 
2.0 mm fin spacing heat exchanger (specimen 6, hydrophobic) by simply spraying water 
on its surface. As shown in Figure A.13, many bridges are observed to form between 
adjacent fins, in contrast to the dip-test outcome (Figure A.5(b)). During a wind-tunnel 
test, once bridges form they are not easy to be removed by gravity or air shear effects, 
 
↑
 It can be seen in Chapter 2 that retention also changes with latent heat transfer rate. 
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especially when the heat exchanger has high fin density and/or has slits or louvers on fin 
surfaces. As a result, dynamic dip testing will significantly underestimate the retention 
amount for hydrophobic heat exchangers. Moreover, because mass retention in this case 
depends largely on the size of droplets that can stand on a fin surface, contact angle 
hysteresis (θA-θR) comes into effect rather than receding contact angle only, which has 
also been validated by data in Figure A.12.  
            As revealed by Figure A.12(b), condensate retention on heat exchangers in a 
wind-tunnel test will decrease with increasing air-side Reynolds number, and the results 
for specimen 19 and 20 are relatively more sensitive to the change. This also supports the 
above argument about different drainage behavior for hydrophilic and hydrophobic heat 
exchangers. During dropwise condensation, droplets stand up on fin surfaces and provide 
larger projected area for the incoming air flow. Therefore, increased/decreased air shear 
would significantly affect the droplets number density as well as their distribution, while 
the thin film of condensate on hydrophilic heat exchangers will not be significantly 
affected. Because dynamic dip testing and wind-tunnel experiments impose differing 
water retention and drainage mechanisms, and in both cases the measurement is affected 
by various different factors, it is unrealistic to expect that dynamic dip testing can predict 
the exact amount of retention in a condensation environment. However, if used 
effectively, it can serve as a fast, simple, and cheap assessment approach. For very 
compact configurations as in automotive-type heat exchangers, geometrical effects 
dominate the drainage process. A specimen that holds more water in a dip test was 
always found to hold more condensate in a wind-tunnel experiment. A quick dip test can 
be very easy and helpful to evaluate a new design of fin shape, louver geometry, header 
design, new surface, etc. for its drainage performance, as long as the water dropping 
velocity is properly controlled. When assessing the retention behavior for round-tube heat 
exchangers, dynamic dip testing can also work well for evaluating the impact of various 
geometrical designs for conventional aluminum specimens. However, when it comes to 
unusual surface wettabilities, a dip test should be used with care. It is able to provide a 
rough retention estimation for very hydrophilic heat exchangers, but tends to significantly 
underestimate the results for hydrophobic ones. As a result, it sometimes will give a 
comparison that is counter to the wind-tunnel results. The receding contact angle (θR) is 
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found to be the only one important in a dip test, while the contact angle hysteresis (θA- 
θR) is believed to be important to retention in a condensing environment. For these heat 
exchangers, therefore, it may be helpful to augment dip test with other auxiliary methods 
(to inject droplets on fin surfaces, or try a spray test, for example), to acquire a more 
complete understanding of retention behavior. However, one should realize that the 
spraying of water also results in different retention mechanisms from what occurs in a 
wind-tunnel test. If dip test is too dynamic and yield an underestimate, spray test might 
be too static and yield an overestimate. Moreover, like the dip test, the outcome of spray 
test also significantly relies on how the procedure is conducted. For example, the way the 
spray nozzle/jet is setup (location, angle…), the specific velocity/amount of the spray, 
etc., can be very influencing to the reliability of the retention assessment. These are 
issues that people also have to consider when try to design and construct a spray test 
apparatus. 
 
A.4  Conclusions 
            This study reports experimental data for dynamic dip testing results of 22 heat 
exchanger specimens with different geometric configurations and surface wettabilities. 
The effects of geometrical design, surface wettability, and water dropping velocity on 
measured retention results are discussed. A link between dynamic dip testing and real-
time condensation experiments in a wind-tunnel is established and differences between 
these two experimental methods are elaborated. Several issues that will affect the 
reliability of dip-test results which have been previously overlooked are pointed out. The 
major findings and conclusions are summarized as follows:  
• In a dip test, enhanced surface wettability helps reduce retention for flat-tube heat 
exchangers, but increases water retention on round-tube heat exchangers, because 
drainage in flat-tube heat exchangers is geometrically restricted, while in round-
tube heat exchangers it is wettability dominated. 
• Retention on a very hydrophilic heat exchanger takes the form of water columns 
at the bottom of the specimen, but as distributed droplets on a hydrophobic heat 
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exchanger. Both column height/shape and droplet size are subject to change with 
fin spacing of the heat exchanger. 
• Steady state dip-test retention results significantly decreased with a slower 
dropping velocity of water level, for all the heat exchangers studied. In order to 
make a fair comparison, test conditions should be properly controlled to be 
identical for every measurement. 
• Condensation and drainage mechanisms are different in dynamic dip testing and 
wind-tunnel condensation experiments: 1) During a dip test, bulk motion sweeps 
away most of the water from a fin surface, while in a wind-tunnel experiment 
droplets start and grow on the surface; 2) For a tighter fin spacing, the sizes of 
droplets left on the fin after a dip test are smaller and bridging is rarely observed, 
while in wind-tunnel experiment, bridges are easy to form and difficult to be 
removed; 3) In terms of surface wettability, the receding contact angle (θR) is 
found to be the only one important in a dip test, while the contact angle hysteresis 
(θA- θR) becomes more important in a condensing environment. 
• Water retention on a heat exchanger in wind-tunnel experiment changes with air 
frontal velocity and latent heat transfer rate. Dynamic dip testing can not provide 
an exact retention prediction but can work for a quick assessment purpose. For 
automotive-type heat exchangers and round-tube heat exchangers with 
conventional wettability, a specimen that holds more water in a dip test also tends 
to hold more condensate in a wind-tunnel experiment. However, for round-tube 
heat exchangers with unusual wettability, the dip test should be used carefully and 
ancillary experiments, including droplets injection and spraying test, are 
recommended. 
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A.5  Figures and Tables 
 
 
 
Figure A.1 Schematic of tested specimens, all dimensions in mm: (a) round-tube, plain-
fin heat exchanger; (b) round-tube, slit-fin heat exchanger; (c) flat-tube, louver-fin heat 
exchanger. 
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(a) 
      (b)                                                                        (c) 
Figure A.2 (a) Apparatus for measuring advancing and receding contact angles; (b) 
sample image on a panel representing surfaces of Specimen 6 and 14, Vdrop~ 30µL ; (c) 
sample images on a panel representing surfaces of Specimen 3 and 11, Vdrop~ 70µL. 
     
Figure A.3 Schematic diagram of dynamic dip testing apparatus (Zhong et al. 2005) 


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(a)                                                                             (b) 
 
                                 (c)                                                                             (d) 
Figure A.4 Effect of surface wettability on drainage performance for specimen groups 
with identical geometry: (a) plain-fin round-tube heat exchangers, Fs = 2.0 mm; (b) plain-
fin round-tube heat exchangers, Fs = 5.2 mm; (c) slit-fin round-tube heat exchangers, Fs = 
1.1 mm; (d) louver-fin flat-tube heat exchangers, Fs = 1.5 mm. 
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                                      (a)                                                                         (b) 
 
                                       (c)                                                                        (d) 
Figure A.5 Retention visualization on several heat exchanger specimens: (a) specimen 2, 
surface complete wetting, Fs = 2.0 mm; (b) specimen 6, hydrophobic surface, Fs = 2.0 
mm; (c) specimen 10, surface complete wetting, Fs = 5.2 mm; (d) specimen 14, 
hydrophobic surface, Fs = 5.2 mm. 
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Figure A.6 Retention prediction by Eq. (A.1) compared to the experimental results for the 
plain-fin round-tube heat exchangers. Eq. (A.1) is shown to work better for hydrophilic 
specimens. 
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Figure A.7 Summary of dip-test results showing the effect of receding contact angle on 
steady state retention for all of the specimens (All results shown are retention mass after 
5 min. Please note that the flat-tube louver-fin group has not arrived steady state of 
retention at this point.)  A linear fit to the plain-fin heat exchanger results is shown to 
enhance readability. 
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Figure A.8 Dependence of dynamic contact angles on the speed of contact line, when 
0U >  the contact line is advancing and when 0U <  the contact line is receding (based 
on Dussan 1979). 
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(a)                                                                   (b) 
Figure A.9 Dip test results under different dropping velocities of water level: (a) 
specimen 2, surface complete wetting, Fs = 2.0 mm; (b) specimen 6, hydrophobic surface, 
Fs = 2.0 mm. 
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Figure A.10 Summary of dip-test results showing the effect of water dropping velocity on 
retention 
 
 
Figure A.11 Retention visualization after a dip test with very slow water dropping 
velocity: only very small droplets are left on fin surfaces, compared to Figure A.5(d). 
(Specimen 14, hydrophobic surface, Fs = 5.2 mm) 
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(a)                                                                   (b) 
Figure A.12 Condensate retention data for specimen 17-20 (slit-fin round-tube group) in 
wind-tunnel experiments: (a) one example set of real-time retention results under low air-
side Reynolds number (Redry~ 250), compared to Figure A.4(c); (b) summary of steady-
state condensate retention results showing the effect of air-side Reynolds number. (See 
Chapter 2) 
 
 
Figure A.13 Experiment to explore retention behavior under spraying conditions 
(specimen 6, hydrophobic surface, Fs = 2.0 mm): many bridges are observed to form 
between adjacent fins, compared to Figure A.5(b).  
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Table A.1 Geometric and wettability description of the tested heat exchangers 
Specimen 
External 
dimensions 
(mm) 
(H×W×D) 
Tube 
type 
Tube dimensions 
Fin 
type 
Fin dimensions Wettability 
Number 
of tubes 
Diameter or 
width (mm) 
Height 
(mm) 
Fin 
spacing 
(mm) 
θA (°) θR (°) Treatment*
 
1 
153 x 159 x 51 Round 12 10.00 Plain 
 
-- 
 
2.0 
0 0 2 
2 0 0 3 
3 102 22 3 
4 94 39 3 
5 85 42 0 
6 116 66 4 
7 107 78 4 
8 96 84 1 
9 
153 x 159 x 51 Round 12 10.00 Plain 
 
-- 
 
5.2 
0 0 2 
10 0 0 3 
11 102 22 3 
12 94 39 3 
13 85 42 0 
14 116 66 4 
15 107 78 4 
16 96 84 1 
17 
209 x 313 x 25 Round 20 7.37 Slit 
 
-- 
 
1.1 
30 0 5 
18 50 0 5 
19 110 0 5 
20 85 42 1 
21 235 x 258 x 45 Flat 23 2.16 Louver 7.44 1.5 0 0 2 
22 85 42 1 
* Please refer to Table A.2 for details. 

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Table A.2 Surface treatment description 
Code Surface description 
0 
1 
2 
3 
4 
5 
Bare clean aluminum 
Oil-contaminated aluminum 
Inorganic conversion coating with inorganic sealer 
Inorganic conversion coating with hydrophilic polymer sealer 
Inorganic conversion coating with hydrophobic polymer sealer 
Plasma treatment 
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APPENDIX B  
RATIONAL APPROACHES FOR COMBINING REDUNDANT, 
INDEPENDENT MEASUREMENTS TO MINIMIZE COMBINED 
EXPERIMENTAL UNCERTAINTY 
 
            General methods for combining multiple, independent measurements for 
minimized uncertainty are presented. Although the methods are general, the presentation 
is motivated by the reduction of heat exchanger performance data. It is shown that the 
prevalent practice of using the arithmetic mean of two measured heat transfer rates for the 
evaluation of heat exchanger performance very rarely leads to a minimized experimental 
uncertainty. For the case of averaging two redundant measurements, simple criteria are 
developed to determine whether using the arithmetic mean or a single measurement 
yields a smaller absolute or relative uncertainty. Following that, more general methods 
are proposed in the form of a weighted-linear average, in which the weight factors are 
determined to minimize the combined uncertainty. The methods are generally applicable 
to averaging any number of redundant measurements with varying uncertainties. 
 
B. 1  Introduction 
            In order to characterize the thermal-hydraulic performance of heat exchangers, it 
is common to conduct experiments in which two streams flow through the heat exchanger 
and the heat transfer rate to or from each stream is measured independently, providing 
redundant data. Commonly, the heat transfer rate used in calculating performance is the 
arithmetic average of the redundant measurements, and a criterion on the relative 
difference between the two measurements is used to determine whether a particular set of 
measurement data is to be considered valid (ANSI/ASHRAE Standard 33-2000 and ARI 
Standard 410-2001). However, by way of the simple example given below it can be 
shown that this approach—widely accepted and promulgated in the literature—is not the 
best way to analyze data of this kind. Moreover, the results can be generalized and a 
conclusion which is perhaps obvious, but apparently not implemented in the thermal-fluid 
science community (and certainly not in the heat exchanger community): in any 
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experiment with redundant measurements, there is a preferred way to combine the data 
for minimized uncertainty. 
            Consider the case of an air-to-coolant heat exchanger, in which performance is to 
be determined from two independent measurements of the heat transfer rate. In this case, 
for “stream 1” the mass flow rate and temperatures upstream and downstream of the heat 
exchanger are measured; similar measurements are made for “stream 2.” Call the heat 
loss or gain from one stream Q1 and the other Q2 and their respective uncertainties δQ1 
and δQ2. The heat exchanger test standards mandate using Q=Qa=(Q1+Q2)/2; however, it 
might be better to use Q=Q1 if δQ1<δQ2, or Q=Q2 if δQ2<δQ1. The selection can depend 
on whether the absolute or relative uncertainty is considered. First, consider absolute 
uncertainty. Take 
                                            
1 2( ) / 2aQ Q Q= +        (B.1) 
and recognize 
                                             
1/ 22 2
1 2
1 2
a a
a
Q QQ Q QQ Qδ δ δ
    ∂ ∂
 = +   ∂ ∂     
     .    (B.2) 
Assume δQ1<δQ2; it is an arbitrary selection, in as much as either stream can be 
designated as stream 1—here it is designated as the one with the smaller absolute 
uncertainty. With δQ1 smaller than δQ2, i.e. 
                                             
2 1Q Qδ ξδ=    with  1ξ >  .      (B.3) 
Then, evaluating the derivatives in Eq. (B.2), and using Eq. (B.3): 
                                             
1/ 2
2 2
1
1 (1 )
4a
Q Qδ δ ξ = +    .      (B.4) 
A selection is to be made as to whether to use Q=Qa or Q=Q1, depending on which 
choice yields the lower absolute uncertainty. Form the quotient 
                                             
1/ 2
2
1
1 (1 )
4
aQ
Q
δ ξδ
 
= +  
  .      (B.5) 
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and recognize that whenever this quotient is less than unity it is better to use Qa with δQa; 
whenever it exceeds unity, it is better to use Q1 with δQ1. Thus, Qa with δQa should be 
used whenever, 
                                             
2
1
3QQ
δξ δ= <   .       (B.6) 
and whenever the inequality expressed by Eq. (B.6) is violated, using Q1 with δQ1 is a 
better choice. 
            As part of this argument, consider a concrete example, where Q1=1000 W with 
δQ1=20 W, and Q2=1050 W with δQ2=60 W. These numbers were chosen such that the 
criterion of ANSI/ASHRAE-33 is met; that is Qa=1025 W and so |Q1-Q2|/Qa<0.05. Thus, 
these data are acceptable by the standard, and the standard mandates the use of Qa in a 
rate equation to determine UA for the heat exchanger. However, note that δQa=31.6 W, 
and if the objective is to reduce the data with the lowest absolute uncertainty, it is better 
to extract UA using Q1 without averaging. 
            A similar argument prevails if the objective is to minimize relative uncertainty, in 
which case it is desired to know Q, with a minimum δQ/Q. Again, designate the stream 
with the lower absolute uncertainty “stream 1”. Eq. (B.5) still holds, and denoting the 
relative uncertainty of “stream 1” as ∆Q1=δQ1/Q1 and the relative uncertainty of the 
average as ∆Qa=δQa/Qa, it can be shown that  
                                             
1
1/ 2
21 1 (1 )
4
a
a
Q Q
Q Q ξ
∆  
= + ∆  
 .      (B.7) 
This expression is useful for deciding between Qa with ∆Qa as compared to Q1 with ∆Q1. 
Clearly, if 
                                             
( )214 / 1aQ Qξ < −                    (B.8) 
Qa with ∆Qa should be used, and if the inequality expressed by Eq. (B.8) is violated Q1 
with ∆Q1 is a better choice. 
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            It could happen that “stream 1” has the lower absolute uncertainty, but that 
“stream 2” has a smaller relative uncertainty. In this case a decision should be made 
between Qa with ∆Qa and Q2 with ∆Q2. Returning to Eq. (B.5), which can be rewritten as  
                                             
1/ 2
2
2
2
1 1 1
2
a
a
Q Q
Q Q ξ
∆  
= + ∆  
,       (B.9) 
it is suggested that an average of Q1 and Q2 should be applied if  
                                             
( ) 1/ 2224 / 1aQ Qξ
−
 > −
 
     (B.10) 
Therefore, if δQ1<δQ2, but ∆Q2<∆Q1, Q2 with ∆Q2 should be used when ξ is smaller than 
this critical value. From a practical point of view such a case is almost never encountered, 
because our definition of ξ requires the right-hand-side of Eq. (B.10) to be larger than or 
equal to unity for the inequality to be violated, which means this occurs only if 
22 / 2aQ Q≤ , corresponding to an energy imbalance of 1 2 / 0.828aQ Q Q− ≥ . Such data 
are almost certain to be rejected by a criterion similar to that used in ANSI/ASHRAE 
Standard 33. 
            The simple analysis and example described above demonstrate that it is feasible to 
obtain independent and redundant measurements of heat transfer rate for which, whether 
minimizing the absolute or relative uncertainty is desired, an arithmetic average of the 
measurements is not preferred over discarding one of the measurements. This result holds 
true even when some data-goodness criterion (such as an energy balance) is invoked. 
Nevertheless, heat-exchanger testing standards broadly used by industry specify the 
practice of using the arithmetic mean. Moreover, this approach of using a simple average 
is adopted and promoted widely in heat exchanger community (see Wang et al. 2000, 
Kim et al. 2001, Pirompugd et al. 2006, Ma et al. 2007b, Kim and Cho 2008, Srisawad 
and Wongwises 2009, Liu and Jacobi 2009, Park and Jacobi 2009)†. Interestingly, the 
example presented above suggests that it is preferred to discard information when the 
uncertainty exceeds some limit. That suggestion is patently incorrect. Information from 
an experiment, even when the uncertainty is large, is better than no information. In fact, 
 
†
  The technical literature is replete with examples of this practice, and representative recent articles were 
selected from a non-exhaustive list of research labs. 
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the ANSI/ASME standard on test uncertainty (ASME PTC 19.1 2006) includes a non-
mandatory appendix that discusses a weighted-averaging scheme (Method 3, as 
developed below).  
    An excellent treatment of uncertainty analysis has been provided by Coleman and 
Steele (1999), and that treatment includes extensive comparisons of various approaches, 
such as those due to Abernethy et al. (1985), Coleman and Steele (1987), the ISO Guide 
(1993), the AIAA Standard (1995), AGARD (1994), ANSI/ASME (2006), and NIST 
(1994). Coleman and Steele also describe Monte Carlo simulations for uncertainty 
analysis (Coleman and Steele 1987). The work presented in this paper builds on prior 
work, with the specific aim of explicitly pointing out deficiencies in ANSI/ASHRAE 
Standard 33 (2000) and ARI Standard 410 (2001). The standard practice of averaging two 
independent measurements, a practice adopted as “best practice” in the standards and 
widely used by researchers, is in fact not the best approach for data reduction.   
            In the following section, an analysis is presented to determine how to use 
redundant measurements in a rational way, in order to minimize the absolute or relative 
uncertainty. The motivation is heat exchanger analysis, but the analysis is generalized so 
that any number of redundant measurements can be considered, and it could be applied to 
other situations. In addition to arguing that there is a specific and rational way to conduct 
a weighted average of redundant measurements, this study will further suggest that the 
simple energy imbalance criterion, such as adopted in ARI-410-2001, and 
ANSI/ASHRAE-33-2000 can be improved by considering the uncertainty of the 
measurements. 
 
B.2  Uncertainty Minimization: Weighted-Linear Average 
            Calculation of a single numeric value using multiple independent measurements 
requires some kind of averaging scheme, and while an arithmetic mean is commonly 
used, or sometimes even required by standards, it is not necessarily the best practice. In 
this section, several weighted, linear-sum methods for handling heteroscedastic data are 
compared. Consider a set of N measurements, NQQQ ,...,, 21 , where the absolute 
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uncertainty of each measurement, iQ , is denoted by iu .‡ The linear average can be 
calculated by Eq. (B.11), where the weight factors, iφ , are determined for different 
optimization criteria, such as by minimizing the absolute or relative RMS (root mean 
square) residual or uncertainty. Note that there are N-1 independent variables 
1 2 1( , , ..., )Nφ φ φ −  in this problem. 
                                             
( )
1
i i
N
Q Q
i
φ= ∑
=
 ,    where   1
1
i
N
i
φ =∑
=
    (B.11) 
 
Method 1: Minimize RMS absolute residual 
            The sum of the squared absolute residuals is given by  
  
( ) ( ) ( )22Sum of Squared Residuals RMS absolute residual
1
j
N
SSR N Q Q
j
= = −∑
=
  
(B.12) 
which is minimized when the following condition is satisfied. 
               
( ) ( )2 22 2 0j j j
i i i
SSR QNQ QQ Q NQ Qφ φ φ
∂ ∂ ∂ = − + = − =∑ ∑ ∑ ∂ ∂ ∂
        (B.13) 
Because  / 0Q iφ∂ ∂ ≠ , except for the trivial case of 0...21 ==== NQQQ , the following 
relation is obtained: 
                                             
0jNQ Q− =∑ , or equivalently 
1
jQ QN= ∑               (B.14) 
Comparing Eqs. (B.11) and (B.14), the weight factors are determined. 
                                             
1
i N
φ =           (B.15) 
This result indicates that an arithmetic mean, which is commonly adopted, corresponds to 
the case when the RMS absolute residual is minimized. Other approaches will now be 
considered, some of which are better than minimizing the RMS absolute residual.  
 
‡
  δQi is replaced by ui hereinafter for the sole purpose of making the equations easier to read.  
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Method 2: Minimize RMS relative residual 
            There are two variations for the definition of relative residuals: 
                 
( )
2
1
Sum of Squared Relative Residuals
N
j
a
j
Q Q
SSRR Q
=
 −
=   
 
∑             (B.16a) 
                
( )
2
1
 Sumof Squared RelativeResiduals
N
j
b
j j
Q Q
SSRR Q
=
 
−
=   
 
∑             (B.16b) 
Following as the same procedure adopted for Method 1, the conditions are imposed that 
the sum of squared relative residuals for Eqs. (16a) or (16b) is minimized. 
  
( )2 22 31 2 2 0a j j j j
i i i
SSRR QQ Q N Q Q QQ Q Qφ φ φ
 ∂ ∂ ∂
= − + = − − =∑ ∑ ∑ ∑ ∂ ∂ ∂ 
                (B.17a) 
  
2
2 2
1 1 1 12 2 0b
i i j j i j j
SSRR QQ Q N QQ Q Q Qφ φ φ
   ∂ ∂ ∂
= − + = − =∑ ∑ ∑ ∑      ∂ ∂ ∂   
                  (B.17b) 
Again, because / 0Q iφ∂ ∂ ≠ , the following results are obtained: 
                 
2
i i
a i
j j
Q QQ QQ Q
 ∑
= =   ∑ ∑ 
∑ ,                   ii
j
Q
Qφ = ∑              (B.18a) 
                 
2
2 2
1 1
1 1
i i
b i
j j
Q QQ QQ Q
 ∑
= =   ∑ ∑ 
∑ ,         
2
2
1
1
i
i
j
Q
Qφ = ∑ .                   (B.18b) 
The average calculated by Eq. (B.18a) favors measurements with larger values, whereas 
the opposite is expected for Eq. (B.18b). These results, however, are quite similar to the 
arithmetic mean if the relative difference between the measurements is small (e.g. within 
5%, as prescribed in some standards).  
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Method 3: Minimize combined absolute uncertainty 
            Assuming that the redundant measurements are statistically independent, the 
combined uncertainty of the weighted-linear average, denoted Qu  is squared to give 
  
( ) ( )
2
2 2
1
Squared Uncertainty
N
j j jQ
j j
QSU u u uQ φ
=
 ∂
 = = =    ∂ 
∑ ∑     (B.19) 
The combined uncertainty or equivalently SU is minimized when the weight factors 
satisfy  
  
( )22 2 2 2 2 2 21 1 1 1 1 1... 1 ... 2 2 0N N N N i i N N
i i
SU
u u u u uφ φ φ φ φ φφ φ − − −
∂ ∂  = + + + − − − = − =
 ∂ ∂
           (B.20) 
Equivalently, 
                                             
2
2
N
i N
i
u
u
φ φ=              (B.21) 
Invoking the constraint 
1
1
N
i
i
φ
=
=Σ , Eqn. (B.21) becomes 
                                             
2
2
1 1i N N
i
u
u
φ φ= =∑ ∑ .               (B.22) 
The weight factors are then determined as  
                                             
( )
2
2
1
1
i
i
j
u
u
φ =
∑
             (B.23) 
In this scheme, the weighting given to a measurement is large when its uncertainty is 
small and vice versa. The weighting factors of Eqn. (B.23) are given in the appendix of 
ASME PTC 19.1 (2006). 
 
Method 4: Minimize combined relative uncertainty 
            The square of the combined relative uncertainty is given by 
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( ) ( )
22
2Q
2 2
u 1 1Squared Relative Uncertainty
1
j j j
j
N QSRU u uQ Q Q Qj
φ   ∂= = =∑ ∑    ∂  =  
 
(B.24) 
Again, the minimization of SRU invokes the following condition, similar to the previous 
cases: 
                                             
( ) ( )
( ) ( )
2 2
2 2
2 2 2
3 2
1 1
2 1 2 2 0
j j j j
i i i
j j i i N N
i
SRU
u uQ Q
Q
u u uQ Q
φ φφ φ φ
φ φ φφ
 ∂ ∂ ∂  
= +∑ ∑    ∂ ∂ ∂ 
∂
= − + − =∑∂
   (B.25) 
From the definition in Eq. (B.11), it can be shown that  
                                             
i N
i
Q Q Qφ
∂
= −
∂
         (B.26) 
Using Eq. (B.26) in Eq. (B.25),  
                                             
( ) ( )( )
2
2
2
1 j j
i N N i N
i j j
u
u Q Q
u Q
φφ φ φ
 ∑
 = + −
 ∑
 
      (B.27) 
Again, the constraint, 1iφ =∑ , for the weight factors in Eq. (B.27) is applied. After some 
algebraic manipulation, the weight factors are determined by the implicit expression 
given Eq. (B.28).  
                                             
( )
( )
( )
2
2
22
1 1
1
j j i ji
i
jj jj
u Q Qu
uQu
φφ φ
  ∑ −
 = +    ∑∑   
∑            (B.28)     
This implicit expression represents to a system of nonlinear equations, which can be 
solved iteratively (e.g. by Newton-Raphson iteration). It can be seen that, if 
( ) / 1i jQ Q Q− << , Eq. (B.28) reduces to Eq. (B.23).  
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B.3  Examples 
            These different averaging methods have been applied to the example problem 
described earlier, where an average heat transfer rate ( Q ) is sought from two redundant 
measurements (Q1 and Q2 with respective uncertainties u1 and u2). As discussed in the 
previous section, the heat transfer rate should be averaged from the independent, 
redundant measurements using a weighting method: 
                                             
1 1 2 2Q Q Qφ φ= + .                                                                (B.29) 
The averaging weight factors 1φ  and 2φ  for each method, as well as formula for combined 
uncertainties ( Qu ) are given in Table B.1.  Calculation results for the specific example 
described in the introduction are summarized in Table B.2. 
    In comparison to using the measurement with the lowest uncertainty, the 
arithmetic mean (Method 1) yields a higher uncertainty. Thus, in this case, adopting the 
common-practice method recommended in the literature (Wang et al. 2000, Kim et al. 
2001, Pirompugd et al. 2006, Ma et al. 2007b, Kim and Cho 2008, Srisawad and 
Wongwises 2009, Liu and Jacobi 2009, Park and Jacobi 2009), and as codified in 
standards (ANSI/ASHRAE Standard 33-2000 and ARI Standard 410-2001), is worse 
than simply discarding one of the redundant measurements. On the other hand, the 
uncertainty of the average by Method 3, which minimizes the absolute uncertainty, is 
smaller than that of any of the individual measurements; i.e., 1 2Qu u u< < . 
Mathematically, the weighted-linear average can always lead to a reduced uncertainty by 
combining the redundant measurements. Clearly, it is not advisable to discard data with 
large uncertainties or to use an arithmetic mean. The table shows nearly identical results 
between Method 1 and 2, and also between Method 3 and 4. As previously explained, this 
similarity is expected when the difference between the measurements is small. For heat 
exchanger experiments, the discrepancy in heat transfer rate relative to the arithmetic 
mean is typically less than 5% (sometimes mandated by the standard), and therefore the 
two methods in each pair will produce very similar results. Strictly speaking, Method 4 is 
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preferred in the general case, because it provides the estimate of Q with the smallest 
uncertainty relative to that value.  
    For heat exchanger performance evaluation, with an imposed data-goodness 
criterion that precludes using redundant measurements that are substantially different, 
Method 3 should be adopted by the heat exchanger test standards. It is simple to 
understand and easy to implement, and it is an improvement over using the arithmetic 
average. However, noting that a preferred way to average redundant data exists, and that 
it is almost never a simple arithmetic average, calls the data-goodness criterion into 
question. While sophisticated statistical methods could be adopted (see ANSI/ASME 
2006), a simple approach is also available. Instead of screening data for large departures 
from the arithmetic mean, it would be better to screen data for large departures from the 
average determined by Method 3. That is, an improved criterion is that 
1 2 / 0.05Q Q Q− <  with Q  from Method 3. Such an approach is internally consistent. 
This implementation is slightly more complicated than the current approach, because it 
requires the use of data with the possible subsequent rejection of data and recalculation in 
an iterative fashion. However, if an initial screening is conducted using 
1 2 / 0.05Q Q Q− <  with Q  from the arithmetic mean, with the final calculation using Q  
from Method 3, then it is unlikely that iteration will be demanding.    
    While the differences in Table B.2 might make the value of changing a long-
standing data-reduction method questionable (the uncertainty in Q was reduced from 
about 3.1% to about 1.9%), the benefit of this approach could be much more profound 
with other data. Moreover, because the uncertainty in Q will propagate to an uncertainty 
in the inferred heat transfer coefficient, the effect of an improved estimate of Q will be 
magnified. 
 
B.4  Conclusions 
            This study presents methods to average multiple, redundant measurements to 
minimize the combined experimental uncertainty. The proposed methods are simple to 
implement in heat exchanger data reduction, and give results far superior to the currently 
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accepted approach using an arithmetic mean heat transfer rate. An extension to three or 
more measurements (e.g. from environmental chamber energy balance as is sometimes 
used (McEnaney et al. 1998)) is straightforward. 
    The existing standards (ANSI/ASHRAE 33, ARI 410) require the use of an 
arithmetic mean for the calculation of average heat transfer rate in a heat exchanger. As 
shown in this paper, such an approach is not preferred if the experimental uncertainty is 
considered, and if the objective is to obtain the best possible estimate of the heat transfer 
rate. The simple method as recommended is believed to enhance the veracity of heat 
exchanger performance evaluation. 
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B.5  Tables 
Table B.1: Averaging formulae for two independent, redundant measurements Q1 and Q2 
                      Averaging weight factors Combined 
uncertainty, 
Qu  
 1φ  2φ  
Method 1 
(arithmetic mean) 
1/2 1/2 
2 2 2 2
1 1 2 2u uφ φ+  
Method 2a 1
1 2
Q
Q Q+  
2
1 2
Q
Q Q+  
Method 3 
2
2
2 2
1 2
u
u u+
 
2
1
2 2
1 2
u
u u+
 
Method 4 (implicit) 
2 2 2 2 2
2 1 1 1 2 1 2
1 2 2 2
1 2 1 1 1 2 2
(1 )1 (1 )
u u u Q Q
u u Q Q u
φ φφ φ φ
  + − −
= +  
+ + −   
 
 
11 φ−  
 
Table B.2: Comparison of various weighted-linear averages obtained for the example 
problem: N=2, Q1=1000, u1=20, Q2=1050, and u2=60. 
 
Single Data 
 
Method 1 
(arithmetic mean) 
Method 2a 
 
Method 3 
 
Method 4 
 
Objective function Measurement with 
least uncertainty 
RMS absolute 
residual 
RMS relative 
residual 
absolute 
uncertainty 
relative 
uncertainty 
Average ( Q ) 1000 1025.0 1025.6 1005.0 1005.2 
Uncertainty ( Qu ) 20 31.62 32.24 18.97 18.98 
Relative uncertainty 
( Qu Q ) (%) 
2.000 3.085 3.144 1.8879 1.8877 
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